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LETTER  OF  TRANSMITTAL 

To  The  Honorable  Goodwin  J.  Knight 
Governor  of  the  State  of  California 

Dear  Sir :  I  have  the  honor  to  transmit  herewith  Bulletin  176,  Mineral 
Commodities  of  California,  prepared  under  the  direction  of  Olaf  P.  Jenkins, 
Chief  of  the  Division  of  Mines,  edited  by  Lauren  A.  Wright,  and  written 
mainly  by  staff  members  of  the  Division.  This  volume,  although  a  revision  of 
Bulletin  156  published  in  1950,  presents  a  much  enlarged  and  almost  wholly 
reworded  text  and  is  the  most  comprehensive  single  reference  on  the  mineral 
industry  of  California.  Bulletin  176  is  being  published  in  a  period  when  a 
growing  population  and  intensive  industrialization  have  placed  great  demands 
on  the  mineral  resources  of  the  state,  and  when  the  annual  mineral  output  of 
California  has  risen  in  value  to  about  one  and  a  half  billion  dollars.  The  com- 
modity descriptions  contained  in  this  volume  apprise  the  state's  mineral- 
consuming  industries  of  the  nature  and  distribution  of  available  raw  materials; 
provide  guidance  to  the  prospector,  miner,  and  mineral  economist  in  developing 
and  marketing  these  materials;  and  present  a  source  of  basic  information  to 
the  general  public  for  whose  ultimate  good  the  mining  industry  exists. 


Respectfully  submitted, 


DeWitt  Nelson,  Director 
Department  of  Natural  Resources 


June  1,  1957. 
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PREFACE 


Tliis,  the  second  edition  of  Mineral  Commodities  of 

'alifornia  has  been  assembled  by  the  stafiE  of  the  Cali- 

ornia  Division  of  Mines  as  a  general  summary  of  the 

iiineral  resources  and  mineral  industry  of  the  state. 

Mthough  the  present  volume  bears  the  same  title  as  its 

iredecessor,  which  was  published  in  1950  as  Bulletin  156, 

t  retains  only  a  small  part  of  the  original  wording. 

\[oreover,  the  second  edition  contains  a  much  longer 

■xt  and  many  more  illustrations  than  the  first,  and  an 

iilarged  format  has  permitted  a  freer  use  of  index  and 

:i'ologic  maps  than  was  possible  in  the  smaller  volume. 

Vlthough  most  of  the  authors  are  staff  members  of  the 

)ivision  of  Mines,  many  persons  in  industry  and  in 

-tate  and  federal  agencies  have  provided  much  invalua- 

ile  information,   advice,    and   encouragement.    Specific 

ontributions  from  such  sources  are  acknowledged  from 

place  to  place  within  the  volume,  but  the  innumerable 

lersons  whose  assistance  was  of  a  general  nature  must 

■  thanked  collectively. 

The  organization  and  context  of  both  editions  has  been 
juided  mainly  by  the  nature  of  the  many  thousands  of 
Iiineral  commodity  questions  that  are  directed  to  the 
Division  each  year.  These  questions  can  be  placed  in  two 
-eneral  categories:    (1)    those  that  request  descriptive 
lata  on  the  location,  physical  and  chemical  properties, 
■xtent,  and  geologic  setting  of  the  various  mineral  com- 
modities in  the  state,  and  (2)  those  asked  in  search  of 
-sistance  in  the  developing,  processing,  and  marketing 
i  mineral  materials  in  California. 
The  present  volume  consists  of  an  introductory  section 
illowed,   in  alphabetical  order,   by  78   sections,   each 
ivering  a  mineral  commodity  or  group  of  closely  re- 
lated commodities,  and  each  written  by  one  or  more  com- 
modity specialists.  Wherever,  possible,  the  sections  have 
been  organized  similarly  and  include  a  summary  state- 
ment followed  by  discussions  of  mineralogy,   general 
Ideology,    occurrences    in    California,    mining    methods, 
I'atment,  utilization,  marketing,  and  prices.  The  cov- 
age  of  mineralogy  and  general  geology  has  been  kept 
brief  to  minimize  the  repetition  of  data  that  can  be 
found  in  standard  textbooks  on  mineralogy  and  eco- 
nomic geology.  Consequently,  only  the  more  obvious  and 
diagnostic  physical  properties  of  some  commodities  have 
been  noted.  Many  of  the  discussions  of  general  geology 
include  descriptions  of  individual  out-of-state  deposits 
or  districts,  particularly  those  that  contribute  mineral 
raw  materials  to  industries  in  California  or  whose  exist- 
ence, for  one  reason  or  another,  has  hindered  or  pre- 
cluded the  development  of  the  same  or  related  com- 
modities within  the  state.  Such  out-of-state  coverage  is 
intended,  therefore,  to  bring  the  mineral  resources  of 
^'alifornia  into  proper  perspective  and  to  apprise  the 


potential  operator  in  California  of  the  general  nature  of 
the  competition  that  he  might  encounter  from  elsewhere. 

Special  emphasis  has  been  placed  on  the  geological 
processes  that  have  led  to  the  formation  of  economic 
mineral  deposits  in  certain  terranes  and  in  well-defined 
geographic  belts  in  California.  Such  recognized  belts  are 
especially  likely  areas  for  prospecting,  and  wherever 
possible  the  authors  have  attempted  to  delineate  them  on 
the  commodity  location  maps. 

That  the  commodity  descriptions  in  the  present  edi- 
tion contain  a  much  more  thorough  coverage  of  utiliza- 
tion and  marketing  than  do  those  in  Bulletin  156,  is 
largely  attributable  to  the  progress  being  made  in  the 
Mineral  Utilization  Survey  program  of  the  Division  of 
Mines.  This  program,  which  was  begun  in  1950,  has  been 
directed  toward  a  better  understanding  of  the  present 
and  potential  mineral  needs  of  the  industries  of  Cali- 
fornia, so  that  the  attention  of  industrial  personnel  can 
be  directed  to  available  raw  materials,  and  the  prospec- 
tor can  be  made  more  aware  of  the  types  of  materials 
most  needed  and  their  specifications.  The  ever-changing 
nature  and  the  increasing  complexity  of  the  mineral 
market  field  require  that  this  program  be  a  continuing 
one.  Newly  acquired  data  thus  obtained  will  appear  in 
future  publications  of  the  Division  of  Mines. 

The  scope  and  the  space  limitations  of  Bulletin  176 
have  required  that  the  subject  matter  be  highly  con- 
densed. A  rather  extensive  literature  exists,  however, 
for  most  of  the  commodities  discussed.  To  the  reader 
who  seeks  additional  information,  the  bibliographies  at 
the  end  of  each  section  are  commended.  These  bibliog- 
raphies are  not  intended  to  be  comprehensive,  but  in 
general  list  the  most  recent  and  most  informative  ref- 
erences. 

To  all  of  the  authors  the  Editor  wishes  to  express  his 
personal  appreciation.  Their  interest,  cooperation,  and 
patience  with  his  editorial  suggestions  greatly  facilitated 
his  assignment.  He  also  is  indebted  to  numerous  other 
staff  members,  who  are  unlisted  as  authors,  but  whose 
careful  work  has  contributed  in  a  very  real  way  to  the 
completion  of  the  volume.  Most  of  the  drafted  illustra- 
tions were  prepared  by  Richard  A.  Crippen,  Jr.,  and  his 
staff,  composed  of  Carl  J.  Sharits,  Sylvia  L.  Koontz,  and 
Margaret  P.  Cellarius.  Especial  thanks  also  are  extended 
to  Elisabeth  L.  Egenhoff  and  Mary  H.  Rice  for  their 
invaluable  editorial  assistance,  to  Henry  H.  Symons  for 
providing  utilization  and  marketing  data,  and  to  the 
entire  stenographic  staff  for  their  efficient  typing  of  the 
many  manuscripts. 

Lauren  A.  Wright 
Los  Angeles,  California 
April  15,  1957 
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NATURAL  ENVIRONMENT  OF  THE  MINERAL 
RESOURCES  OF  CALIFORNIA 


By  Oi.af  p.  Jen'KIXS 


A  study  of  the  map  of  California  showing  the  dis- 
ribution  of  its  developed  mineral  deposits  suggests  a 

ittern  which  is  not  haphazard,   but  is  controlled  by 

i^in  basic  features.  Both  natural  and  cultural  fea- 
iires  affect  the  controls.  Where  the  deposits  are  of  com- 
lOdities  limited  in  extent  and  of  high  unit  value,  as  are 
letals  and  fuels,  their  distribution  is  entirely  controlled 
y  natural  environment.  On  the  other  hand,  where  the 
leposits  represent  commodities  which  are  practically 
iliimited  in  extent,  as  are  sand  and  gravel,  the  distribu- 
ioB  is  controlled  not  only  by  natural  environment  but 
y  proximity  to  markets.  More  exacting  demands  in  iii- 
ustry,   however,   may   require   improvement   of  grade, 

hich  is  accomplished  either  by  finding  more  suitable 
eposits  at  distant  localities,  or  by  processing  the  min- 
ra!s  near  at  hand.  In  general,  however,  the  nonmetallic 
lioeral  commodities  represent  the  more  abundant  re- 

iBirces,  and  a  map  of  their  distribution  indicates  that 
h^  cluster  about  the  great  centers  of  population,  while 
he  minerals  of  greater  unit  value  are  located  only  in 
he  natural  provinces  suited  to  their  environment.  In 
lonsideration  of  the  natural  environment  of  mineral  de- 
lOgits,  the  following  discussion  may  help  to  explain  some 
f  the  various  geologic  factors  involved  in  the  commodity 
tvidies  of  this  volume. 

Classificafion  of  Kocles.     Rock  formations,  in  contrast 

0  mineral  deposits,  are  the  larger  geologic  bodies  which 
nake  up  the  earth 's  crust.  A  rock  may  be  made  up  prin- 
ipally  of  a  single  kind  of  mineral,  as,  for  example, 
olomite,  but  generally  it  i.s  composed  of  an  aggregate  of 
ifferent  kinds  of  minerals  like   feldspar,   quartz,   and 

niea,  which  are  found  in  granite.  Both  dolomite  and 
franite  are  often  quarried  as  commodities  where  they 
ire  useful  to  industry,  and  the  term  mineral  commodity 
applied  in  this  volume  to  include  both  rocks  and  min- 
erals useful  to  industry.  The  following  rock  classifica- 
ions  include  the  most  common  types:  I.  Igneous  rocks; 
I.  Sedimentary  rocks;  III.  Metamorphic  rocks. 

/.   Ignroii.i  rocks. 

r'oli'anic  rocks  Rliyolite  Andesito  Basalt 

)ike  rocks  I'orphyritic  onnivalents  of  volcanic  and 

Kianitic  rocks 
liirauitic  rocks  Granite  Diorite  Gal)l)ro 

The  more  siliceous  or  acidic,  light-colored  igneous 
■ocks  comprise  the  rhyolite-granite  class.  Volcanic 
[.'lasses,  pumice,  and  perlite  are  in  this  class. 

The  more  basic  or  ferromagnesin,  dark-colored  rocks 
'iniprise  the  basalt-gabbro  class  and  the  ultrabasic  series 

1  peridotites  (serpentine)   and  pyroxenite. 

//.   Seditiiciilfirii  rorkx  tuiil  their  iitetumorphir  eiiiniiihiii.i. 

■  Metamorphosed 

Unconsolidated  Consolidated  equivalents 

•g   Gravel  Conglomerate  Conglomerate   qnartzite 

'  Sand  Sandstone  Quartzite 

Clay  and  silt  Shale  Slate,  phyllite,  or  schist 

Marl  Limestone   and  Marble  and   crystalline 
dolomite  limestone  or   dolomite 


III.  Metamorphic  rocks. 


Various  schists  and  gneisses  formed  by  deep-seated  alteration 
of  either  sedimentary  or  igneous  rocks. 

Often  the  prefix  meta-  is  used  to  indicate  that  the  rock 
has  been  altered  by  deep-seated  pressure  and  heat. 
Schists  and  gneisses  may  be  the  product  of  metamor- 
phism  of  either  sedimentary  or  igneous  rocks. 

Clasaification  of  Mineral  Deposits.  Concentrations  of 
minerals,  as  in  the  case  of  ore  deposits,  have  come  about 
in  many  different  ways  and  during  many  ditferent  geo- 
logic periods.  So  far  as  geologic  processes  are  concerned, 
they  may  be  classified  in  the  following  manner. 

Classification  of  mineral  deposits. 
Sedimentary  deposits 

Kxaniples :   Placer  deposits  in  streams 
Saline  deposits  in  lakes 
Clay  deposits  in  lagoons 
Limestone   deposits   in   the   sea 

Uesidual   deposits 

Examples:   Manganese    oxide    deposits,    contentrated    by    weath- 
ering 
Clay  deposits,  resulting  from  weathering 

Vein  and  replacement  deposits 

Examples  :   Shallow  veins,  such  as  cinnabar  deposits 

Intermediate   veins,  stich   as  along  the   Mother   I,ode 
Deep   veins   and   irregular  contact   deposits,   such   as 
tungsten  deposits,  in   the  high   Sierra 

Magmatic  deposits 

Examples  :   Pegmatite  bodies,  containing  gem  minerals 
Cbromite  concentrations  in  serpentine 

The  Geologic  Record.  Every  mineral  deposit  repre- 
sents not  only  the  results  of  geologic  processes,  but  may 
be  considered  a  page  in  geologic  history.  That  page  is 
inserted  in  the  larger  chapters  written  in  the  rock  for- 
mations which  make  up  the  earth's  crust. 

In  the  formation  of  rocks  and  their  associated  mineral 
deposits,  a  long  history  is  involved  representing  time 
measured  in  millions  of  years.  In  building  up  any  his- 
torical record  of  a  given  area,  the  sequence  of  the  rock 
formations  must  first  be  determined  through  field  study 
of  stratigraphy  and  structure.  Each  rock  unit  is  related 
to  the  history  of  other  rocks  of  the  earth,  and  it  is  a  re- 
markable fact  that  there  are  rock  formations  in  Cali- 
fornia representing  practically  every  major  age  group 
known.  The  general  geologic  column,  or  time  scale,  is 
shown  in  table  1. 

The  rocks  and  mineral  deposits  are  part  of  the  internal 
structure  of  the  earth,  whether  they  occur  at  depth  or 
immediately  beneath  the  surface.  The  actual  surface 
features  of  the  earth  generally  reflect  this  internal  struc- 
ture, or  at  least  the  major  features  of  it.  That  is  why  a 
relief  model  of  the  State  of  California  exhibits  such  in- 
teresting features,  which  appear  to  be  closely  related  to 
the  distribiition  of  mineral  deposits. 

As  the  mineral  deposits  are  associated  with  rock  struc- 
ture and  the  rock  structure  is  reflected  in  the  surface 
relief,  all  these  features  form  a  pattern  which  cannot  be 
haphazard  but  which  is  controlled  by  natural  environ- 
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Tahle  I,     Geologic  time  scale. 


Possible  age  in 
millions  of  years 

Era 

Period 

Epoch 

0  to  60 

Cenozoic 

Mesozoic 

Paleozoic. 

Pre-Cambrian 

fQuaternary 

Tertiary 

Cretaceous 

Jurassic 

Triassic 

Permian 

Carboniferous 

Devonian 
Silurian 
Ordovician 
Cambrian 

/Algonkian 
\Archean 

fRecent 

\Pleistocene 

60  to  190 

Miocene 

\  Oligocene 
Eocene 
[  Paleocene 

190  to  500 

fPennsylvanian 
\MisBissippian 

meat.  Therefore,  the  surface  features  of  California,  as 
exhibited  by  a  relief  map  of  the  state,  are  the  results  of 
recent  geologic  processes  acting  upon  an  underlying 
mass  of  rocks  formed  millions  of  years  ago. 

If  the  surface  of  the  earth  were  immovable,  erosion 
would  eventualy  level  it  down  to  a  smooth  plain,  but 
since  parts  of  it  are  frequently  elevated,  depressed,  or 
displaced  from  other  parts  by  deep-seated  action  in  the 
earth,  the  effect  of  erosion  is  variable.  It  is  accelerated 
on  the  higher  places,  while  sediment  is  carried  to  fill  up 
the  places  which  are  lower. 

In  the  erosional  carving  of  rocks  of  different  hardness 
and  character,  an  irregular  surface  is  developed  reflect- 
ing the  underlying  structures.  Where  the  earth  has  been 
displaced  along  great  earthquake  faults,  the  rocks  may 
be  so  pulverized  that  erosional  processes  wear  out  long, 
narrow  valleys  such  as  those  found  along  the  great  San 
Andreas  fault. 

Maps  of  California  showing  the  major  structural  fea- 
tures, the  distribution  of  principal  rock  types,  and  the 
relief  features,  show  that  the  state  may  be  divided  into 
a  number  of  different  regional  provinces,  each  of  which 
has  distinct  physical  characteristics.  This  is  further 
brought  out  when  these  provinces  are  examined  in  the 
field,  and  the  distribution  of  the  mineral  deposits  is 
mapped  in  relation  to  rock  formations,  structure,  and 
topography. 

Geomorphic  Provinces.  The  distinctive  natural  divi- 
sions of  California  fall  into  at  least  11  well-recognized 
physiographic  or  geomorphic  provinces.  For  the  sake  of 
describing  them  briefly  and  treating  them  from  the 
standpoint  of  their  geologic  growth,  these  11  provinces 
may  be  grouped  into  five  areas  with  somewhat  similar 
physical  features. 

Group  I  includes  three  great  mountain  areas — the 
Sierra  Nevada,  the  Klamath  Mountains,  and  the  Pen- 
insular Ranges.  All  three  represent  positive  earth  ele- 
ments in  the  evolution  of  the  geologic  past.  As  mountain 
areas,  they  gave  source  to  sediments  which  filled  basins 


in  the  sea  during  Cretaceous  and  Tertiary  periods.  Th. 
basin  areas  were  later  raised  above  sea  level  and  the  rock 
were  thrown  into  long  folds  trending  northwestward 
these  areas,  now  the  Coast  Ranges  and  Transversi 
Ranges,  form  the  two  provinces  of  Group  II. 

Today  there  lies  between  the  Sierra  Nevada  and  Coas 
Ranges  the  Great  Valley  of  California.  This  basin  i 
filled  with  sediments,  and  is  drained  from  the  north  b: 
the  Sacramento  River  and  from  the  south  by  the  Sai 
Joaquin  River.  These  rivers  join  in  the  delta  area  befor. 
they  enter  San  Francisco  Bay  through  Carquinez  Strait 
Farther  south  is  another  basin  filled  with  sediments,  th. 
surface  of  which,  over  a  large  area,  lies  below  sea  level 
This  is  the  Colorado  Desert,  including  the  Salton  Sink 
It  occupies  a  position  between  the  Peninsular  Range; 
and  tbe  mountain  ranges  of  the  Mojave  Desert.  Th< 
Great  Valley  of  California  and  the  Colorado  Desert  forn 
Group  III. 

A  large  area  in  the  northeastern  part  of  California  i; 
covered  with  volcanic  rocks,  which  extend  into  easten 
Oregon  and  eastern  Washington,  and  cover  in  all  som^ 
250,000  square  miles.  For  the  most  part,  they  form  ^ 
plateau  which,  in  California,  is  called  the  Modoc  Plateau 
Along  the  western  margin  of  the  Modoc  Plateau  higi 
volcanic  cones  rise,  forming  the  Cascade  Range.  In  Cali 
fornia,  this  range  is  dominated  by  Mt.  Shasta;  Lasser 
Peak  terminates  the  Cascade  province  at  its  southeri 
extremity.  The  Modoc  Plateau  and  the  Cascade  Ran-^ 
are  included  in  Group  IV. 

To  the  east  of  the  Sierra  Nevada  and  the  Modoc  Pla 
teau,  and  extending  far  across  the  State  of  Nevada,  is  i 
geomorphic  province  known  as  the  Basin  Ranges.  It  i 
characterized  by  block-faulted  mountains,  separated  b; 
gravel-washed  desert  valleys.  A  portion  of  this  provinci 
appears  in  the  extreme  northeastern  corner  of  Californif 
where  it  is  known  as  the  Warner  Range,  and  also  to  th( 
east  of  the  Sierra  Nevada.  The  characteristic  northwes 
trend  of  the  Basin  Ranges  is  terminated  along  the  grea 
Garlock  fault,  which  also  terminates  tlie  Sierra  Nevadi 
on  the  south,  where  the  Tehaehapi  Mountains  join  th 
Transverse  Ranges.  At  this  point,  the  Garlock  fault  in 
tersects  the  San  Andreas  fault  and  the  area  occupying 
the  triangle  formed  between  these  two  great  faults  is  ; 
characteristic  desert  region  known  as  the  Mojave  Desert 
It  stretches  far  to  the  east  through  San  Bernardinc 
County,  and  to  the  southeast  through  the  eastern  part  o 
Riverside  and  Imperial  Counties.  The  Mojave  Desei 
may  be  considered  to  be  bounded  along  the  southwest  ti; 
the  San  Andreas  fault.  The  Mojave  Desert  and  Basil 
Ranges,  together,  form  Group  V.  The  geologic  feature 
of  these  desert  areas  are  very  different  from  those  ^ 
the  other  provinces,  and  very  complex. 

It  is  logical  that  these  geographic  provinces  and  grou  i  • 
of  provinces,  distinct  as  they  are  from  each  other,  shoui' 
contain  entirely  different  types  of  mineral  deposits.  A\ 
a  result,  more  mineral  commodities  have  been  developeci 
in  California  than  in  any  other  area  of  similar  extem 
These  are  of  sufficient  importance  to  make  the  stat 
nearly  self-sufficient  in  minerals  for  industry.  The  mos 
important  mineral  belts,  districts,  and  occurrences,  iv 
grouped  below  by  provinces  and  by  the  geologic  peril 
of  their  formation. 
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GEOLOGIC    MAP    OF    CALIFORNIA 
SHOWING  LOCATIONS    OF 

TYPICAL   COLUMNAR    SECTIONS 

IN    RELATION    TO 

GEOMORPHIC  PROVINCES 

AND 

GENERALIZED    GEOLOGIC    UNITS 

Geomorphic  provinces  from  Jenkins.Oiof  P,  1938,  Geomorphic  map  of  Californio, 
scale    1. 2,000,000.     Geologic  units  generoiized   from  Jenkins, Olof  P.,  1938, 
Geologic  map  of  Colifomia,  scale   I  500,000 


C'eioceous  stdimeniofy  rocks 
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Pre-Combrian  to  Recent  rock  comptCR 
-    of  ihe  BAStN-RANGE    a  MOJAVE  DESERT 


NUMBERS   REFER   TO    COLUMNAR  SECTIONS 
SHOWN   ON   FOLLOWING    PAGES 


Figure  1. 
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Oeomoiphic  provitices  of  California  arranged  in  five  groups.  Tertiary  limestone 

1.  Sierra  Nevada 1  Eocene  coal,  quartz  sand 

2.  Klamath    Mountains \   Group  I  Tertiary  volcanic  rocks   (building  stone  and  agsreRates) 

3.  Peninsular    Ranges J  Tertiary  oil  and  gas  fields 

(including  Los  Angeles  Basin)  Gypsite  deposits  in  Tertiary  and  Quaternary  rocks 

4.  Coast  Kanges- ,-^, )    C  •         11  Marine  diatomite  of  Tertiary  age 

5.  Transverse  Ranges 1 — _ \     '"'  Recent  salines;  placer  gold  in  Transverse  Ranges 

6.  Great  Valley  of  California )    ,,     „„  ttt  t      xi       ,-i            -i-.                 ,            •                        ■,■,-.„ 

7.  Colorado  Desert |  uioup  iii  j^q  ^^jg  ^oast  Kanges  there  IS  a  central  belt  of  old 

8.  Modoc  Plateau )  granite  basement  rocks,  quite  different  from  the  so-called 

9.  Cascade  Range y  Group  IV  basement  of  Jurassic  Franciscan  igneous  and  sedimcii 

10.  Basin  Ranges )               r  ^^''^  ™^ks  which  underlies  other  parts  of  the  province 

n.  Mojave  Desert f  Group  V  jjj  ^^^^  ^^^t^  Other  respects,  the  Transverse  Ranges  have 

many  of  the  same  characteristics  as  the  southern  Coast 

Oroup  I  Ranges,  but  their  structural  trend  is  westward  rathei- 

Vein   and    replacement   deposits   of   the    Sierra    Nevada,    Klamath.  than  northwestward.   The  large  oil  and  gaS  fields  of  tllr 

laru'crZceLfr^''   (mineralization  chiefly  late  Jurassic  and  ^^^^^  ^^^  grouped  near  each  Other  :  in  the  southern  Coas1 

Ranges,    Transverse    Ranges,    Los    Angeles    Basin,    and 

Sierr.,  Nevada  Southern  San  Joaquin  Valley. 

Mother    Ixide— East    Belt — Grass    Valley — Nevada    City — Al-  ^                      •' 

leghany  gold-ciuartz  district  Group  HI 

Foothill  copper-zinc  belt  and  northern  copper  belt  ^           ,^  „         ,  ^  ,.,       . 

Central-southern   lead-zinc  belt  Ci'"''at  ^^Uey  of  California 

Eastern  tungsten  belt  Oil  and  gas  of  Tertiary  age 

Southern  tungsten,  tin,  and  antimony  belt  Gas  of  Cretaceous  age 

f'hromite-bearing  serpentine  belts  Colorado  Desert   (sometimes  included  with  group  V) 

Manganese-bearing  cherts  Carbon-dioxide  gas 
Magnesite  replacement  in  serpentine 

Klamath  Mountains  The  Great  Valley  is  a  large  province  enclosed  by  hii;li 

Gold  belts  mountains  with  distinct  characteristics,  but  judged  iis 

Shasta  copper-zinc  and  iron  belt  an  oil  and  gas  province,  it  may  be  likened  somewhat  In 

Chromite-bearing  serpentine  belts  the  Los  Angeles  Basin,  which  lies  between  the  Peniii^ 

Manganese-bearing  cherts  g^l^^  Ranges  and  the  Transverse  Ranges.  The  Colorad.i 

Magnesite  replacements  m  serpentine  p^^^^^   j^   ^   ^^^^^   ^.jj^^   ^^^^^   Sediments,   but   these   sedi 

Peninsular  Ranges  ments  are  of  different  character  than  those  of  the  Oreat 

Gold  belts  Vallev. 

Tin  district 

Gem-lieariug  pegmatite  district         '  Group  IV 

Nickel  district  Cascade  Range  and  Modoc  Plateau 

Oil  and  gas  of  Los  Angeles  Basin  chiefly  of  Tertiary  age  Pumice  and  perlite  dejiosits 

T  •        .          1          j^      i-  tj  1         ■     •       11  n  Freshwater  diatomite  of  Tertiai-v  age 

Limestone  deposits  of  Paleozoic  in  all  three  provinces  • 

Placer  gold— Tertiary   and   Quaternary— -in   all  three   provinces  The   ModoC   Plateau   and   the    Cascade   Range   are   vol 

Clay,   coal,    and    (piartz    sand    deposits    of    Eocene    and    Paleocene  cailic    provinces,    and    represent    extensions    of    simihir 

(lone  and  Alherhill)   in  all  three  provinces  provinces  southward  from  Oregon.  The  volcanic  rock- 

_,,      T-,        „    ■,,       ,    .            IT."       ,       Ti  cover  a  basement  which  should  connect  the  Sierra  Ke 

The  Klamath  Mountains  and  Peninsular  Ranges  are  ^^^^  ^,^^1^  ^j^^  Klamath  Mountains. 

provinces  at  opposite  ends  or  the  state  which  have  many  ^     .•    . 

geologic  features  in  common  with  those  of  the   Sierra  Group  V-  ■  4- 

Nevada.    The    Klamath    Moinitains,    however,    contain    a  Basin  Ranges  and  Mojave  Desert 

section  of  much  older  rocks  than  any  found  in  the  Sierra  Tertiary  and  Quaternary 

Nevada.    The    southern    Peninsular    Ranges    contain    a  Complex  metalliferous  deposits,  gold  and  silver,  etc. 

large  area  of  pegmatites  not  present  in  the  northern  Epithermal  manganese  deposits 

provinces,    but   they    do    not    contain    chromite-bearing  slZr^d  "'-fs^um"]!. 'osi'T' '"""''' 

serpentine.  The  orderly  arrangement  of  mineral  zones  Gold'LiT'tungsterplaeers*^ 

and  belts  in  the  Sierra  Nevada  is  niuch-.more-  striking  j^,,^^  j^^^^^i^  ,,„,,  ^^,.1^  Cretaceous 

than  in  the  Klamath  Mountains  an4^e|ms,ular  Ranges.  Complex   metalliferous   deposits    (gold,   silver,   lead,   zi„. 

Orou     II                           'O*'  ■' ■•               ■'■''■   '        "'  copper) 

':•                             ■*i'-     '  '  Lead  and  zinc  of  Darwin-Cerro  Gordo  district 

Coast  Ranges  and  Transversa  Ranges- \  ..^              Tungsten  deposits  of  Bishop  district 

Franciscan    (Jurassic)   chromite-bearing  serpentine  !,.„„  ,|ep„sits,  some  of  doubtful  age 

Manganese-bearing  Franciscan  cherts  ,,  ,                  1,1 

,,           .            ■                      .                   .  Paleozoic  and  older 

Magnesite  replacements  in  serpentine  t  •        »               i               i  i       •..      i 

„.,.,,...„.,„  Ijimestone  and  some  dolomite  deposits 

Quicksilver  deposits  in  Tertiary  and  Quaternary  rocks 

Small    pyrite   and    copper   deposits,    and   a   silver   district    in  '""*  '""'"'Wl" 

northern  Coast  Ranges— Tertiary  ^'"l*^  deposits  of  Death  Valley  area 

Very  little  gold  in  Jurassic  rocks  ^'"''''  •"="■">  metals 

Titanium  deposits  in  San  Gabriel  Transverse  Ranges  Andalusite  deposits  of  White  Mountains 

Franciscan  limestone  Age  unknown 

Paleozoic  limestone  and  dolomite  Rare  earth  metals  of  Clark  Mountain 
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The  Basin  Kanges  and  the  ranges  of  the  Mojave 
Desert  all  represent  a  mountainous  desert  region  which 
has  somewhat  similar  geologic  features,  but  which  is 
quite  distinct  from  all  other  sections  of  the  state.  The 
oldest  rocks  of  the  geologic  column  occur  in  these  prov- 
inces. Marine  Cretaceous  and  Tertiary  are  lacking,  but 
much  of  the  mineralization  is  Tertiary,  and  some  is 
much  earlier. 

Influence  of  Earth  Sciences  on  Mineral  Development. 
.\  broad  knowledge  of  the  geology,  physiography,  and 
history  of  California  is  essential  in  the  discovery,  devel- 
opment, and  utilization  of  the  mineral  resources  of  the 
state.  Even  future  economic  trends  can  be  predicted 
with  greater  success,  if  these  features  are  carefully  and 
continually  studied  and  the  facts  scientifically  weighed 
and  placed  in  systematic  order.  For  these  reasons,  the 
Division  of  Mines  has  embarked  on  extensive  statewide 
studies  of  the  geology  of  mineral  deposits. 

POSITION   OF   MINERAL    DEPOSITS   IN 
TYPICAL  STRATIGRAPHIC   SECTIONS  OF  CALIFORNIA 

Throughout  the  discussions  of  mineral  commodities  de- 
scribed in  this  volume,  frequent  reference  is  made  to  the 
geologic  age  or  geologic  formation  in  which  the  mineral 
iloposit  is  found.  In  the  following  typical  stratigraphic 
sections,  selected  from  various  parts  of  the  state,  are  in- 
I  Heated  the  positions  occupied  by  mineral  deposits.  In 
many  cases  the  mineral  deposit  was  formed  at  the  same 
time  or  as  a  part  of  the  geologic  formation.  In  other 
eases  the  mineral  body  was  deposited  in  the  formation, 
but  at  a  later  time.  In  the  study  and  search  for  mineral 
deposits,  this  information  is  of  considerable  importance 
for  it  may  lead  to  a  better  \inderstanding  of  the  envi- 
ronment which  was  particularly  favorable  to  deposition. 

Locations  of  the  numbered  stratigraphic  sections  may 
be  found  on  the  accompanying  map  of  California. 

Typical  Stratigraphic  Sections 

(t)   Northern  Klamath  Mountains 

(after  F.  F.  Cater  and  F.  G.  Wells,  1953) 


(2)  Redding  Region 

(after  J.  S.  Diller,  1906,  and  N.  E.  A.  Hinds,  19SS) 


Age 

Formation 

Mineral  Deposit 

Quaternary 

Alluvium 

Placer  gold,  platinum 

Miocene  (?) 

Gravel  deposits 

Placer  (jold 

Upper  Jurassic 

Granitic  rocks 

Gold  lode,  quicksilver 

Lower  Cretttceous 

Serpent  ine-peridotite 

Chromite  (largest  producers 
in  U.  S.).  asbestos,  cop- 
per, quicksilver. 

ri>i>er  Jurassic 

Galice 
Dothan 

Manganese 
Gold  lode 

Age 

Formation 

Mineral  Deposit 

Quaternary 

Red     Bluff     gravels     and 
alluvium 

Placer  gold 

Pliocene 

Tehama 

Tuscan 

Building  stone 

Eocene- Palocene 

Weaverville            -     ,; 

,  Placer  gold,  hgnite 

Montgomery  Creek 

Lignite 

Cretaceous 

Chico 

Building  stone 

Shasta  series 

Knoxville 

Serpentine 

Chromite 

Jurassic 

Granitic  intrusive  rocks 

Gold 

•Potem 

Bagley  andesite 

Modin 

^ 

Brock  shale 

Triassic 

Hosselkus  limestone 

Limestone 

Pit 

Bully  Hill  rhyolite 

East  Shasta  copper-zinc 
district,  lead,  gold,  silver. 

Dekkas  andesite 

Permian 

Nosoni 

Iron 

McCloud  limestone 

Limestone,  iron 

Mississippian 

Baird 

Bragdon 

Bass  Mt.  basalt 

Devonian 

Kennett 

Limestone 

Balaklala  rhyolite 

West  Shasta  copper-zinc 
district,  silver,  gold 

Devonian  or  older 

Copley 

ChancheluUa 
Salmon  schist 
Abrams  schist 

(3)    Warner  Range  .  .  .  , 

(modified  after  R.J.  Russell,  ia$&)  '■':/. 


Age 

Formation 

Mineral  Deposit 

Recent  to 
Pliocene 

Obsidian 
Rhyolite 

Perlite 

Pliocene 

Warner  basalt 

Miocene 

Upper  Cedarville 

Pumice 

Middle  lava  layer 
Lower  Cedarville 
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(4J  Northern  Coast  Ranges 
(after  E.  S.  Bailey,  1946) 


(6)  Alleghany  Area 

(modified  after  H.  G.  Ferguson  and  R.  W.  Gannett,  1932) 


Age 

Formation 

Mineral  Deposit 

Quaternary 

jUluvium 
Basalt 

Tertiary 

Silica-carbonate  rock 

Quicksilver 

Sonoma  volcanics 

Perlite,     pumice,     building 
stone 

Jurassic  (7) 

Gabbro  and  diorite 

Knoxville 
Serpentine 
Franciscan  group 

Quicksilver 
Quicksilver,  chromite 
Quicksilver,  manganese 

(5)   West  Side  Sacramento  Valley 

(modified  after  Am.  Assoe.  Petroleum  Geologists  Correlations 
Committee,  1951,  1954) 


AOE 

Formation 

Mineral  Deposit 

Quaternary 

Alluvium 

Placer  gold 

Red  Bluff  gravels 

Placer  gold 

Pliocene 

Tehama 

Gas  (Corning  field)** 

Miocene 

San  Pablo  group: 
Neroly 
Cierbo 

Markley 

Nortonville 

Eocene 

Domengine 

Gas  (Rio  Vista  field),  coal 
(Mt.  Diablo) 

Capay 

Meganos 

Paleocene 

Martinez 

Gas     (several    Sacramento 

Valley  fields) 

Upper  Cretaceous 

"Chico" 

Lower  Cretaceous 

Horsetown  group 
Paskenta 

Jurassic 

Knoxville 

Quicksilver* 

Franciscan 

Quicksilver* 

*  Age  of  mineralization  mucli  later  than  age  or  host  formation. 
••  Tehama  formation  serves  only  as  the  reservoir  rock  for  the  gas. 


Age 

Formation 

Mineral  Deposit 

Quaternary 

Stream  gravel 
Basalt 

Placer  gold 

Tertiary 

Andesite  breccia 

Eocene 

Auriferous  gravel 

Placer  gold 

Upper  Jurassic  (?) 

Granitic  intrusives 

Jurassic  to 
Paleozoic 

Gabbro,  diorite 
Serpentine 

Amphibolite  schist 
Diabase 

Lode  gold  quartz   veins 
(a  major  source  of  lode 
gold  in  CaUfornia) 

Permian  to 
Carboniferous 

1 

0. 

Delhi 

Cape  Horn  slate 

Relief  quartzite 

Kanaka 

Tightner 

Blue  Canyon 

(7)  Sierran  Foothill  Area 

(composite  section  after  N.  L.  Taliaferro,  1943,  1946) 


Age 

Formation 

Mineral  Deposit 

Quaternary 

Alluvium 
Terraces 

Placer  gold 

Pliocene  or  Pleistocene 

Table  Mt.  latite 

Pliocene 

Mehrten  (andesitic) 

Upper  Miocene 

Valley  Springs  (rhyolitic) 

Building  stone  (tuff) 

Eocene  to  Pleistocene 

Channel  deposits 

Placer  gold 

Eocene 

lone 

Clay,  lignite,  quartz  sand 

Intrusive  granitic  rocks 

Lode  gold,  copper 

Serpentine — ultramafic 

rocks 

Chromite,  asbestos,  copper, 

magnesite,  iron 

Silica-carbonate  rock 

Upper  Jurassic 

Mariposa 

Lode  gold 

Quartz  porphyry 

<  ^ 

Logtown  Ridge 

Chromite,  manganese,  lode 
gold,  silver,fcopper-zinc 

Cosumnes 

Manganese 

Carboniferous  (?) 

Calaveras  group 

Limestone,  iron,  gold 
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ft)  Mother  Lode  Area 
(after  A.  Knopf,  1929) 


(10)   West  Side  San  Joaquin  Valley 

(after  R.  8.  Beck,  1950,  unpublished  and  others) 


Age 

Formation 

Mineral  Deposit 

^)iiaternary 

Alluvium  and  river 
gravel 

Placer  gold 

rtiary 

Volcanic  flowa  and 

tuffs 
Auriferous  gravel 

Building  stone 
Placer  gold 

iirassic  or 
Cretaceous 

Granitic  rocks 
Serpentine 

1 

a 
H 
o 

Lode  gold 

Lode  gold,  asbestos, 
chromite 

pper  Jurassic 

Mariposa 

Lode  gold  (largest  produc- 
ing mines) 

irboniferouB- 

.lurassic 

Meta  volcanic 
rocks 

Mississippian 

Calaveras 

Limestone,  lode  gold 

^..^  n^ 

fO  Central  Coast  Ranges  (Santa  Cruz-Gahilan  Ranges) 
(after  J.  E.  Allen,  19^6) 

Age 

Formation 

Mineral.  Deposit 

■  oent 

Alluvium 

Sand  and  gravel 

kistocene 

Aromas  red  sands 

'  'liocene 

Purisima 

pper  and  middle 
Miocene 

Monterey  group 
Volcanic  group 

Oil  (Sargent  oil  field) 

1-   Lower  Miocene 

Vaqueros 

1  j  ^ligocene 

San  LorenJio 

Oil  (Moody  Gulch  oil  field) 

Qpper  Jurassic 

Serpentine 

Chromite 

Franciscan  group 

Quicksilver,    manganese, 
magnesite 

^    Pre-Franciscan 

Santa  Lucia 

Crushed  rock 

Gabilan  limestone 

Limestone,  dolomite,  barite 

- 

Age 

Formation 

Mineral  Deposit 

Pleistocene 

Tular« 

Gypsite 

Pliocene 

San  Joaquin  clay 
Etchegoin 

Plio-Miocene 

Reef  Ridge  shale 

Upper 

McLure,  Antelope  and 
McDonald  shales 

Miocene 

Middle 

Devil  water-Gould  shale 

Lower 

Temblor 

OUgocene 

Wagon  Wheel 
Tumey 

Major  oil  and  gas  fields 

Eocene 

Kreyenhagen 
Avenal  sandstone 
Yokut 

Arroyo  Hondo  shale 
Cantua  sand 

Lodo 

Cerros  and  Martinez 

Paleocene 

Dos  Palos 
Cima  sand 

Upper  Cretaceous 

Moreno  shale 
Panoche 

Upper  Jurassic  (?) 

Franciscan  group 

Quicksilver 

(11)  East  Side  Southern  Sierra  Nevada 

(after  A.  Knopf,  1918,  and  P.  C.  Bateman,  1954) 


Age 

Formation 

Mineral  Deposit 

Recent 

Alluvium 

Placer  gold 

Pleistocene 
and  Recent 

Fan  deposits 

Basalt  flows  and  cinders 

Volcanic  cinders 

Pleistocene 

Glacial  deposits 

RhyoUte  flows  and  tuffs 

Perlite 

Cretaceous  (7) 

Granitic  intrusives 

Feldspar,  gold  lode 

Triassic 

Metavolcanic  rocks 

Paleozoic  (?) 
and  Triassic  (7) 

Metasedimentary  rocks 
of  Sierra  Nevada 

Tungsten,  talc. 
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(12)   Southern  Inyo  Range 

(after  J.  F.  McAllister,  1955) 
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Age 

Formation 

Mineral  Deposit 

Quaternary  and 
late  Tertiary  (?) 

Alluvium,  fanglomerate, 
lake  beds,  basalt 

Placer  gold,  salines,  fuller's 
earth,  perUte 

Cretaceous  (?) 

Granitic  rocks 

Lead-zinc-silver,  gold  lode 

Permian 

Bird  Spring  (?) 

Lead-zinc-ailver 

Rest  Spring  shale 

Carboniferous 

Perdido 

Lead-zinc-silver 

Tin  Mountain  limestone 

Devonian 

Lost  Burro 

Lead-zinc-silver,  copper,  gold 

Silurian 

Hidden  Valley  dolomite 

Building  stone,  roofing 
granules 

Ely  Springs  dolomite 

Talc,  copper,  lead-zinc- 
silver 

Ordovician 

Eureka  quartaite 

Talc,  quart zite 

Pogonip  limestone 

Talc,  copper 

Cambrian 

Nopah  limestone 
Racetrack  dolomite 

(13)  Death  Valley  Area 

(after  J.  F.  Mason,  1948) 


Age 

Fo  R  MATION 

Mineral  Deposit 

Alluvium 

Quaternary 

Lake  beds 

Pumicite,  bentonite 

Basalt  flows 

Tertiary 

Volcanics  and  lake  beds 

Borax,  perlite,  gypsum,  salt 

Carboniferous 

Monte  Cristo  limestone 

Limestone 

Cambrian 

Cornfield  Springs 

Bonanza  King 

Cadiz 

Wood  Canyon 

Stirling  quartzite 

Johnnie 

Noonday  dolomite 

Lead-silver-zinc 

Pre- 

Cam- 
brian 

Algonkian 

Kingston  Peak 
Beck  Spring 

Crystal  Spring 

Talc,  iron 

Archean 

Granite  gneiss 

Gold  lode,  rare  earth  min- 
erals. 

Commodities  op  California 

(14)   Southern  Sierra  Nevada  and  San  Joaquin  Valley 
(after  Dibhlee,  1955) 

Aqe 

Formation 

Mineral  Deposit 

Quaternary 

Alluvium 

Placer  gold 

Plio-Pleistocene 

Kern  River 

Oil  and  gas* 

Tulare 

Mio- Pliocene 

Chanac 

Oil  and  gas* 

Bena 

Miocene 

Santa  Margarita 

Maricopa 

Round  Mountain  silt 

Olcese  sandstone 

Temblor 

Freeman  shale 

Pyramid  Hills  sand             ■ 

Vedder  sand 

1 

Major  oil  and  gas  fields 

i 

Walker 

Oil  and  gas 

Oligocene  (?) 

Bealville  fanglomerate 

Tecuya 

Oil  and  gasf 

Eocene 

Tejon 

Oil  and  gas 

Jurassic  (?) 

Granitic  intrusions             ... 

Gold-silver     quartz    veins, 
uranium 

Kernville  schist 

Gold  lode 

Paleozoic-Triassic  (?) 

Pampa  schist 

Limestone 

Limestone 

Pre-Cambrian  (?) 

Pelona  schist 

Building  stone 
Soapstone 

♦  These  continental  sediments  serve  as  reservoir  rock  only.  Oil  originated  in  older  marint 

sedimentary  formations. 
t  Tecuya  continental  sediments  serve  as  reservoir  rock,  while  marine  strata  may  be  the  oil 

source  rocks. 


15)   Western  San 
(after  T.  W. 

ta  Ynez  Mountains 
Dihhlee,  1950) 

Natural  Exvin 

Aqe 

Formation 

Mineral  Deposit 

:,-(.cnt 

Alluvium 

■l„..,n,. 

Sisquoc 

Oil  and  gas 
Diatomite 

1  iocene 

Monterey 

Oil  and  gas 

Tranquillon 

Rincon 
Vatiueros 

Oil  and  gas 
Oil  and  gas 

'ligocene 

----......^^                       Sespe 

Alegria                      ^^^^'^~~~~~.. 

Oil  and 

gas* 

Gaviota 

]i>cene 

Saeate 

Oil  and  gas 

Cozy  Dell 

Matilija 

Anita 

Sierra  Blanca 

Limestone 

letaceous 

Jalama 
Espada 

pper  Jurassic 

Honda 

Serpentine 

Franciscan 

Manganese,  quicksilver 

'  Nonmarine  Sespe  beds  serve  as  reservoir  rock;  oil  ma 
okler  formations. 

1  Uj)   Los  Angeles  Basin 

(composite  section  after  J.  E.   Scho 
and  R.  F.  Yerkes,  195JfJ 

i  have  originated  In  younger  cr 
ellhamer,  J.    G.    Vedder, 

AOE 

Formation 

Mineral  Deposit 

i:iTc?nt 

Alluvium 

Sand  and  gravel  aggregate, 
clays 

i'leiatocene 

La  Habra 

Shallow  oil  production 

!  Miocene 

Pico 

Repetto 

Major  oil  and  gas  fields 

1  pper    and    middle 
Miocene 

Puente-M  odelo-M  onterey 

Palos  Verdes  diatomite 
Major  oil  and  gas  fields 

Middle  Miocene 

Topanga 

Oil  and  gas 

Lower  Miocene — 
Upper  Eocene 

Vaqueroa-Sespe 

-Middle  Eocene 

Santiago 

Lignite 

Paleocene 

Silverado,  Martinez 

Lignite 

rpper  Cretaceous 

Williams     ] 

Ladd             ["Chico" 

Trabuco      J 

Building  stone 

■lurassic 

Santiago  Peak  volcanics 

Granite 

Crushed  rock,  gold  quartz 

veins 

IViassic 

Bedford  Canyon 

rriassic  (?) 

Santa  Monica  slate 

-Mesozoic  or  older 

Cataiina  schist 

Oil  from  fractured  schist* 
Lead-silver-zinc 

(Santa  Cataiina  Island) 
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(17)   liarstow  Area 

(after  0.  E.  Bowen,  1952) 


Agk 

Formation 

Mineral  Deposit 

Pleistocene 

Alluvium 

Placer  gold,  marl,  filler 

Pliocene 

Rhyolite  flows  and  plugs 

Silver-barite,    gold-quartz 
veins 

Miocene  (7) 

Volcanics  and  lake  beds 

Silver-barite  veins, 

magnesite 

Jurassic  (7) 

Granitic  intrusions 

Lead-zinc-silver,  gold-quartz 
veins 

Triassic  (?) 

Sidewinder  volcanic  series 

Gold-silver     quartz     veins, 
filler   clay,    pyrophyUite, 
copper,  iron. 

Permian 

Fairview  Valley 

Limestone 

Carboniferous 

Oro  Grande  series 

Gold-silver,  limestone,  dolo- 
mite,    magnesite,     silica, 
copper. 

Waterman  gneiss 

Paleoaoic  (?) 

Hodge  volcanic  series 

Filler,  clay,  siUca 

Granite  gneiss 

(18)  Julian  nistrict 

(modified  after  D.  L.  Everhart,  1!)51) 


Age 

Formation 

Mineral  Deposit 

Quaternary 

Alluvium 

Placer  gold 

Quartz  veins,  dikes,  pegma- 
tites 

Feldspar,  siUca 

Cretaceous 

Granite 

Cuyamaca  gabbro 

Nickel,  building  stone 

Jurassic  (?) 

Stonewall  granodiorite 

Gold-quartz  veins 

Triassic  (?) 

Julian  schist 

Gold-quartz  veins 

*  Fractured  schist  serves  as  the  reservoir  rock,   whflc  oil  originated  in  rocks  of  much 
joiinger  age. 


MINERAL 
COMMODITIES 


ABRASIVES 

By  Bennie  W.  Troxel 


Abrasives  are  substances  that  are  used  to  grind, 
)<)lish,  scour,  or  clean  by  abrasion  or  impact.  They  in- 
lude  naturally  occurring  minerals  and  manufactured 
ubstances  made  from  metals  or  mineral  raw  materials, 
jand,  pumice,  and  pumicite  are  the  principal  abrasives 
)rodueed  in  California.  Garnet,  tale,  diatomite,  and 
)ebbles  for  grinding  are  also  obtained  from  sources  in 
he  state,  and  are  used  as  abrasives  but  in  small  quanti- 
ies.  Garnet,  artificial  abrasives,  corundum,  diamonds, 
ind  grinding  pebbles  from  out-of-state  sources,  consti- 
lute  most  of  the  high-quality  abrasives  used  in  Cali- 
brnia. 

ABRASIVES  AS  CLASSIFIED   BY   USE 


The  physical  properties  that  determine  the  usefulness 
f  an  abrasive  material  are  hardness,  toughness,  grain 
hape  and  size,  purity,  uniformity,  and  the  character  of 
racture  or  cleavage.  Nearly  all  abrasive  grains  must 
oreak  down  slowly  under  iise  to  furnish  fresh  cutting 
dges. 

Loose  Grains.  A  wide  variety  of  mineral  abrasives 
*re  employed  in  the  form  of  loose  grains,  such  as  those 
ised  as  impact  abrasives  or  as  constituents  of  denti- 
Tices,  cleansers  and  polishes.  Of  the  impact  abrasive  ma- 
erials,  silica  sand  is  the  most  abundant  and  most  widely 
jsed  (see  section  on  sands  elsewhere  in  this  volume), 
md  garnet  ranks  second  in  quantity  consumed.  Uniform- 
lized  grains,  tough  enough  to  withstand  disintegration 
mder  impact,  and  having  a  specific  gravity  and  hard- 
aess  at  least  as  great  as  quartz  are  generally  specified  for 
impact  abrasives. 

Loose  grains  of  sand,  garnet,  emerv,  corundum,  pum- 
ce,  diatomite,  metallic  oxides,  manufactured  carbides, 
md  diamond  dust  are  utilized  to  abrade  stone,  glass, 
Q;ems,  metals,  plastics  and  wood.  The  abrasive  agents 
used  in  scouring  soaps,  cleansers,  and  abrasive  polishes 
ire  mostly  fine-ground  natural  materials  such  as  feld- 
spar, pumice,  pumicite,  sand,  quartz,  diatomite  and 
elay.  Household  cleansers  contain  abrasives  that  are 
somewhat  softer  than  glass  and  of  uniform  hardness, 
rhey  should  not  contain  harder  impurities  nor  lime 
20mpounds  that  react  with  soaps  to  form  insoluble  resi- 
due on  surfaces  being  cleaned.  Pumice,  pumicite,  di- 
atomite, and  probably  clay,  all  mined  in  California,  are 
used  in  these  products. 

Bonded  Abrasives.  Bonded  and  pressed  or  molded 
abrasive  products,  containing  either  natural  or  artificial 
abrasive  grains,  are  used  in  a  wide  variety  of  forms. 
Nearly  all  bonded  abrasives  are  electric  furnace  prod- 
ucts, principally  aluminum  oxide  or  silicon  carbide,  but 
natural  corundum  is  still  employed  in  this  manner. 

Bonded  abrasive  products  consist  mostly  of  grinding 
wheels,  but  they  also  are  formed  into  rectilinear  and 
curved  blocks,  and  into  segments  of  curved  blocks.  In 
such  products  the  abrasive  grains  must  withstand  high 
bonding  temperatures  and  must  be  well-suited  to  the 
ibinder.  Bonded  abrasive  products  are  used  extensively 
lin  California  but  the  artificial  abrasives  that  they  con- 
itain  are  manufactured  elsewhere. 

Coated  Abrasives.  Coated  abrasives  consist  of  crushed 
and  closely  sized  abrasive  grains  cemented  to  paper  or 
cloth  backing.  Such  abrasives  must  unite  well  with  the 


binder.  The  products  are  generally  known  as  sandpaper, 
emery  cloth  or  garnet  paper.  The  principal  abrasives 
used  for  this  purpose  are  crushed  quartz,  garnet,  alumi- 
num oxide,  and  silicon  carbide.  Easily  cleavable,  brittle, 
or  friable  grains  generally  are  not  satisfactory  for 
coated  abrasives  because  they  break  down  too  rapidly, 
nor  are  extremely  tough  grains  desirable  because  new 
cutting  edges  do  not  form  readily  and  the  useful  life  is 
shortened.  The  abrasive  papers  and  cloths  are  widely 
utilized  in  hand  and  machine  finishing  and  preparation 
of  wood,  metal  and  plastic  surfaces.  Coated  abrasive 
products  are  supplied  mainly  from  plants  in  New  York 
State. 

Products  Shaped  From  Natural  Stone.  Grindstones, 
pulpstones,  millstones,  chaser  stones,  and  sharpening 
stones,  which  were  formerly  made  from  shaped  natural 
rocks,  including  sandstone,  quartzite,  granite,  quartz 
conglomerate,  mica  schist,  siliceous  argillite,  shale,  slate, 
pumice,  novaculite,  and  phyllite  have  been  replaced 
largely  by  products  composed  of  artificial  abrasives 
made  in  the  electric  furnace.  Pumice  quarried  from  de- 
posits in  Mono  and  Siskiyou  Counties  is  the  only  natural 
material  in  California  that  is  marketed  as  a  shaped 
abrasive  product. 

NATURAL  ABRASIVES 

Garnet.  The  specific  name  "garnet"  is  applied  to  a 
mineral  group  composed  of  six  closely  related  sub-species : 
almandite,  Fe3Al2(Si04)3;  andradite,  Ca3Fe2 (8104)3; 
grossularite,  Ca3Al2(Si04)3 ;  pyrope,  Mg3Al2( 8104)3; 
spessartite,  MusAL  (8104)3;  and  uvarovite,  Ca3Cr2- 
(8104)3.  Garnet  crystallizes  in  the  isometric  system,  but 
is  commonly  granular  or  massive.  It  ranges  in  hardness 
from  6.5  to  7.5  and  has  a  specific  gravity  range  from 
3.5  to  4.2.  Garnet  crystals  are  generally  tougher  than 
granular  varieties  or  massive  garnet  which  are  com- 
monly friable.  Garnet  has  a  vitreous  to  resinous  luster 
aud  occurs  in  various  colors,  mostly  red.  brown  or  yellow. 

Garnet  occurs  in  a  wide  range  of  geologic  environ- 
ments. Of  greatest  commercial  interest  as  abrasives  are 
almandite,  which  occurs  in  schists  and  gneisses,  and  an- 
dradite, which  occurs  in  contact  metamorphosed  lime- 
stone, schist,  serpentine,  and  some  igneous  rocks.  Gem 
garnet  is  discussed  in  the  section  on  gem  stones  in  this 
volume. 

For  use  in  coated  abrasive  products,  garnet  should  be 
about  7.5  in  efliective  hardness  and  should  break  into 
sharp,  angular  fragments  when  crushed.  Tough  grains, 
brittle  enough  to  yield  new  cutting  edges  under  the 
strain  of  work,  are  preferred.  The  grains  should  break 
into  angular  fragments  of  somewhat  regular  shape,  not 
slivers  or  thin  particles,  and  should  be  free  of  embedded 
impurities.  The  crushed  garnet  should  have  a  high 
capillary  attraction  to  binders.  The  color  of  garnet  ap- 
parently is  independent  of  its  abrasive  qualities,  but 
deep  red  or  wine  colors  are  preferred  by  consumers.  For 
maximum  yield  of  desired  sizes  during  crushing,  garnet 
grains  should  be  the  size  of  peas  or  larger.  Smaller  sizes 
usually  yield  a  high  proportion  of  fines  which  is  unde- 
sirable. 

Garnet  for  impact  abrasives  must  be  tough,  of  high 
specific  gravity,  of  uniform  size,  dust  free,  and  nearly 
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pure.  It  is  used  in  sizes  between  17  mesh  and  45  mesh. 
Garnet  that  shatters  easily  upon  impact  has  very  little 
abrasive  effect.  Garnet  is  a  more  efficient  impact  abra- 
sive than  silica  sand  because  it  is  tougher  and  has  a 
higher  specific  gravity.  Although  it  costs  several  times 
as  much  as  silica  sand,  it  can  be  reused  as  many  as  10  or 
more  times,  depending  on  original  grain  size,  toughness, 
air  pressure,  and  other  variable  factors.  Most  of  the 
abrasive  garnet  that  has  been  recovered  in  California  has 
been  used  only  once. 

The  toughness  of  garnet  can  be  crudely  tested  by 
placing  a  small  amount  of  the  clean  raw  material  be- 
tween two  iron  or  steel  plates  and  striking  them  with  a 
hammer.  Tough  garnet  will  yield  chips,  whereas  soft  or 
brittle  garnet  will  yield  fine  powder  or  dust.  Trial  by 
acfhial  use  is  the  best  test. 

The  first  use  of  garnet  on  coated  paper  was  in  1880. 
For  a  short  period  prior  to  that  time,  carnelian,  a  variety 
of  chalcedony,  was  mined  in  California,  shipped  to  New 
York,  and  used  as  an  abrasive  paper  known  as  ruby 
paper.  The  supplies  of  carnelian  from  California  were 
limited,  delivery  uncertain,  and  eventually  its  use  was 
abandoned  (Myers  and  Anderson,  1925,  p.  12). 

Most  of  the  garnet  mined  in  the  United  States  is  ob- 
tained from  the  property  of  the  Barton  Mines  Corpora- 
tion at  Gore  Mountain,  Warren  County,  New  York.  This 
property  has  been  in  continuous  operation  for  over  75 
years  (Chandler,  1956,  p.  296)  and  still  contains  large 
reserves  of  garnet.  The  garnet-bearing  rock  is  massive 
and  granular  and  is  composed  principally  of  hornblende 
and  feldspar.  It  contains  an  average  of  10  to  12  percent 
of  almandine  garnet  which  occurs  as  large,  imperfectly 
developed  crystals  (Myers  and  Anderson,  1925,  pp. 
18-19).  The  crystals  commonly  exceed  one  foot  in  diam- 
eter, and  some  are  as  much  as  36  inches  in  diameter. 
Most  of  the  crystals  are  surrounded  by  thin  shells  of 
hornblende.  The  principal  deposit  is  about  f  mile  long, 
from  50  to  300  feet  wide,  and  extends  to  an  undeter- 
mined depth.  It  is  mined  in  an  open  cut  and  the  opera- 
tion is  fully  mechanized  (Chandler,  1956,  p.  296).  The 
rock  is  milled  by  means  of  a  heavy-medium  separation 
process.  Garnet  also  is  derived  as  a  by-product  from  an 
extensive  deposit  of  wollastonite  near  Willsboro,  New 
York,  being  mined  by  Godfrey  L.  Cabot,  Incorporated. 

New  York  garnet  has  become  widely  used,  as  it  exists 
in  large  quantities,  is  of  excellent  abrasive  quality,  and 
the  deposits  are  near  the  principal  markets  (Chandler, 
1956,  p.  296).  It  is  referred  to  as  "Adirondack  garnet" 
and  nearly  all  of  it  is  used  in  coated  abrasives. 

In  Idaho,  extensive  alluvial  deposits  that  contain 
almandite  garnet  derived  from  erosion  of  soft  mica 
schists,  are  mined  by  Idaho  Garnet  Abrasive,  Fernwood, 
Idaho.  The  deposits  are  on  Emerald  Creek  in  Benewah 
County,  Idaho.  Garnet  comprises  as  much  as  20  percent 
of  the  mined  material,  and  its  maximum  grain  size  is 
about  T^  inch  (Chandler,  1956,  p.  296).  Mining  is  con- 
ducted by  dragline  after  an  overburden  of  3  to  8  feet  is 
removed.  A  99  percent  garnet  concentrate  is  obtained 
by  means  of  jigs  and  concentrating  tables.  This  is  dried, 
crushed,  and  screened  into  various  sizes  (Chandler, 
1956,  p.  296).  Idaho  garnet  is  used  principally  as  an 
impact  abrasive  and  a  large  proportion  of  the  output  is 
consumed  in  California.  Garnet  also  is  recovered  as  a 
by-product  from  extensive  placer  concentrations  of 
monazite-  rutile-  ilmenite-bearing  sands  in  Florida. 


In  California,  garnet  is  a  common  mineral,  but  rela 
tively  little  is  known  about  the  abrasive  qualities  of  thi 
material  in  most  deposits.  Grossularite  is  abundant  in 
impure  limestone  bodies  that  have  been  metamorphosed 
near  contacts  with  intrusive  igneous  rocks.  This  is  alsc 
the  geologic  environment  of  most  of  the  tungsten  dc 
posits  in  the  state.   These  metamorphosed  rocks,  com 
monly  called  tactite,  skarn,  or  lime-silicate  rocks,  ar 
found  in  many  parts  of  the   Sierra  Nevada,   Moja\ 
Desert,    Colorado   Desert   and   the   Peninsular  Eangc- 
Garnet  in  contact  zones  occurs  as  disseminated  crystal- 
as  aggregates  of  crystals,  granular  masses,  and  massif 
layers  of  nearly  pure  garnet,  as  much  as  two  or  mor 
feet  thick  and  several  tens  of  feet  long.  Some  contact 
zones  consist  of  more  than  one-half  garnet  and  extern  I 
over  areas  many  tens  of  feet  wide  and  hundreds  ol' 
feet  long. 

Since  1938,  Huntley  Industrial  Minerals,  Inc.,  and 
others,  have  intermittently  produced  small  tonnages  ol 
garnet,  principally  grossularite,  from  tungsten  mill  tail 
ings  in  Inyo  County.  The  concentrates  have  been  mar 
keted  as  impact  abrasives  and  used  mostly  by  the  aircrai  i 
industry.  Some  garnet  from  the  Bishop  area  is  reported 
to  have  been  utilized  for  cleaning  military  equipment 
Because  most  of  the  tungsten  ore  is  ground  to  minus  1- 
mesh  or  smaller  in  these  mills,  the  garnet  is  general!  > 
too  fine  to  be  useful  as  an  impact  abrasive. 

In  several  parts  of  the  state,  principally  in  the  Sierra 
Nevada  and  in  the  northern  Coast  Ranges,  gneisses  and 
schists  contain  almandite  and/or  andradite  in  eyenl.\ 
disseminated   crystals   which   generally   are   one-eight  1i 
inch  or  less  in  diameter.  Locally  they  are  several  inchc- 
in  diameter.  A  deposit  of  andradite  garnet  northwest 
of  Cadiz,  San  Bernardino  County,  was  prospected  in 
1931-1932  and  a  few  tons  of  garnet  rock  were  mined  ; 
the  Sunny  Day  mine  near  Indio,  Riverside  County,  j 
1936-1937    but    no    shipments    were    made    (Eardle.x 
Wilmot,  1937,  p.  23). 

TJvarovite,  which  is  much  less  common  than  grossti 
larite,  is  a  minor  constituent  of  ehromite  deposits  in  tlf 
Klamath  Mountains,  the  Sierra  Nevada,  and  the  Coast 
Ranges.  Eclogite,  a  medium-grained  granulose  rock  com 
posed  of  almandite  garnet  and  pyroxene,  has  been  foiind 
locally  in  northern  California.  This  rock  is  a  possilil 
source  of  abrasive  garnet,  but  nearly  all  known  outcrop- 
are  small.  Some  of  the  pegmatite  bodies  of  southern  Cal  i 
fornia   contain   gem   garnet    (see   gem   section   in   tlii- 
volume),  but  are  not  rich  enough  in  ordinary  garnet  i" 
supply  abrasive  markets.  Rarely  do  other  igneous  rock- 
contain  garnets  that  are  larger  than  pin  heads  and  tlint 
comprise  more  than  one  percent  of  the  rock. 

Garnet  derived  from  igneous  and  metamorphic  rod  - 
is  common  in  heavy  mineral  concentrations  of  plac 
sands.  Such  deposits,  commonly  known  as  black  sand- 
are  distributed  along  much  of  the  coast  of  California 
and  in  placer  deposits  along  the  western  side  of  tin 
Sierra  Nevada  (see  section  on  black  sands  in  thi- 
volume) .  The  garnet  in  these  sands  is  generally  too  sma  1 ! 
for  use  as  impact  abrasives  and,  in  most  concentrations, 
is  so  well  rounded  that  it  would  have  to  be  crushed  t" 
provide  sharp  cutting  edges.  It  might,  however,  be  usefid 
as  fine-ground  garnet  for  polishing  compounds  if  a  lar^" 
enough  market  were  developed. 

Most  of  the  loose-grain  garnet  consumed  in  Calif orniti 
is  used  as  impact  abrasives,  principally  by  the  aircraft 
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industry  and  other  fabricators  of  non-ferrous  metal 
iidduets.  Large  quantities  of  garnet-coated  abrasives 
ilso  are  consumed  in  the  state.  For  impact  abrasion, 
:arnet  is  employed  much  less  abundantly  than  silica 
-and.  Largely  because  garnet  is  the  more  expensive,  its 
ise  is  ordinarily  restricted  to  the  scouring  and  abrading 
if  non-ferrous  metals.  In  1955,  probably  7,000  to  10,000 
oiis  of  concentrates,  containing  98  percent  or  more  of 
lust-free  garnet  from  Idaho,  was  consumed  in  Cali- 
fornia. Idaho  garnet  was  marketed  in  the  size  range  of 
]  7  mesh  to  45  mesh  at  a  price  of  about  $100  per  ton  de- 
ivored  in  Los  Angeles.  Only  a  few  tens  of  tons  of 
Adirondack  garnet,  in  fine-ground  sizes  between  325 
iiesh  and  a  theoretical  3600  mesh,  is  marketed  per  year 
II  California  for  use  in  polishing  optical  glass  and  sim- 
lar  material.  During  1955,  this  material  sold  for  about 
11  cents  to  51  cents  per  pound  in  50  pound  lots  deliv- 
■red  in  California.  California  garnet  that  is  used  as  an 
Mipact  abrasive  is  sold  in  the  range  of  $8  to  $12  per  ton, 

-b.  mine.  Probably  less  than  100  tons  were  marketed 
i  1 955.  In  California  no  market  exists  for  garnet  for  use 
11  coated  abrasive  products  as  these  are  manufactured 
II  the  eastern  United  States  near  the  sources  of  supply. 

Persons  desiring  to  market  garnet  for  abrasives  must 
■  1  (linarily  be  prepared  to  furnish  a  clean,  pure,  dust-free 
uoduct,  ready  ground  and  sized  for  use.  Most  pur- 
liasers  prefer  to  obtain  material  from  established  sup- 
iliers  of  abrasive  products,  many  of  whom  are  interested 
II  obtaining  abrasive  material  from  local  sources. 

Pumice  and  Pumicite.     (See  also  section  on  pumice, 
lumicite,  perlite,  and  volcanic  cinders  in  this  volume.) 
I'limice  and  pumicite  are  desirable  abrasive  materials 
lincipally  because  they  are  among  the  few  coherent 
■derately  soft  rocks  composed  wholly  of  one  substance 
I  lid  hence  of  uniform  hardness.  Of  the  70,964  tons  of 
iinnice  and  pumicite  mined  in  California  in  1954,  prob- 
ihly  only  5  to  10  percent  was  used  for  abrasive  products ; 
he  remainder  was  used  mostly  as  aggregate,  filler  ma- 
rial,  and  pozzolan.  The  pumice  and  pumicite  that  are 
used  for  abrasives  ordinarily  command  higher  prices 
than  the  pumice  and  pumicite  that  are  employed  other- 
ivise,  but  the  abrasive  market  is  limited  and,  at  present,  is 
supplied  by  operators  whose  principal  markets  are  for 
on-abrasive  products.  In  California,  no  pumicite  opera- 
tions are  being  conducted  solely  as  sources  of  abrasive 
material,  although  the  output  of  block  pumice  quarries 
in  Mono  and  Siskiyou  Counties  is  used  almost  entirely 
the  manufacture  of  shaped  abrasive  blocks.   These 
quarries  supply  nearly  all  of  the  demand  for  scouring 
jlocks  in  the  United  States. 

Pumice  and  pumicite  are  glassy  and  cellular,  light- 
aolored  rocks,  generally  rhyolitic  in  composition,  which 
tiave  been  expelled  from  volcanic  vents.  Pumice  forms  as 
the  glass  congeals  around  expanding  gas  and  steam 
bubbles  to  yield  silky,  glass  fibers  or  elongated  and 
rounded  cells  ranging  in  size  from  microscopic  to  sev- 
9ral  inches  in  diameter.  The  cell  openings  ordinarily 
3omprise  about  two-thirds  of  the  volume  of  the  rock. 
Pumice  ranges  in  specific  gravity  from  about  2.5  for 
Qonporous  volcanic  glass  to  less  than  1  for  extremely 
lellular  material.  Pumicite,  also  called  volcanic  ash,  is 
ijrain  size.  Much  of  the  naturally  occurring  pumicite 
and  is  distinguished  from  pumice -solely  on  the  basis  of 
jrain  size.  Much  of  the  naturally  occurring  pumicite 


ranges  in  size  from  100  to  325  mesh.  Some  occurrences 
of  pumice  and  pumicite  are  extremely  pure,  but  others 
commonly  contain  various  proportions  of  other  ma- 
terials, especially  sand,  silt,  or  clay. 

In  an  industrial  sense,  the  term  "block  pumice"  is 
applied  to  crude  pumice  that  occurs  in  blocks  large  and 
strong  enough  to  be  sawed  or  shaped  to  desired  forms. 
Lump  pumice  refers  to  small  fragments,  either  ground, 
shaped,  or  in  the  natural  state. 

Pumice  and  pumicite  are  abundant  in  the  terranes  of 
Tertiary  to  Recent  volcanism  that  cover  large  areas 
throughout  California.  They  also  occur  in  sedimentary 
rocks  far  removed  from  such  regions.  They  have  been 
mined  mostly  in  Inyo,  Mono,  Napa,  Siskiyou  and  Stanis- 
laus Counties.  Seven  of  the  operations  in  these  counties 
have  yielded  most  of  the  pumice  and  pumicite  that  has 
been  mined  in  California  for  abrasive  use,  but  several 
other  properties  also  have  contributed  small  quantities. 
These  localities  are  described  in  the  sections  on  pumice 
and  pumicite,  perlite,  and  volcanic  cinders  elsewhere 
in  this  volume. 

Pumice  blocks  suitable  for  cutting  into  scouring  blocks 
are  mined  by  U.  S.  Pumice  and  Supply  Co.,  Inc.,  in 
the  Glass  Mountain  area,  Siskiyou  County,  and  near  Lee 
Vining,  Mono  County  (Chesterman  and  Schmidt,  1956). 
Occurrences  of  mineable  block  pumice  of  this  quality  are 
rare  in  the  United  States. 

Volcanic  ash  (pumicite)  and  pumice  in  the  Pliocene 
Ricardo  formation  have  been  mined  from  four  prop- 
erties in  the  Last  Chance  Canyon  area  of  El  Paso  Moun- 
tains, Kern  County  (Dibblee  and  Gay,  1952,  pp.  50-53). 
Calsilco  Corporation,  with  offices  in  Los  Angeles,  sup- 
plies ground  material  for  abrasive  markets  from  one 
of  the  largest  of  these  deposits. 

Pumicite  for  abrasives  has  been  mined  from  flat-lying 
Pleistocene  lake  beds  in  Amargosa  Valley  near  Shoshone, 
Inyo  County  (Norman  and  Stewart,  1951,  p.  109),  and 
pumice  and  pumicite  have  been  mined  from  deposits  near 
Priant  on  both  sides  of  the  San  Joaquin  River  in  Fresno 
and  Madera  Counties  (Chesterman  and  Schmidt,  1956). 
Several  properties  in  Mono  County  have  yielded  pumice 
for  abrasives  (Chesterman  and  Schmidt,  1956),  and  an 
indurated  white  volcanic  ash  in  San  Luis  Obispo  County 
was  mined  for  abrasive  material  (Franke,  1935,  pp. 
460-461). 

Pumice  and  pumicite  are  effective  as  abrasives  yet 
do  not  scratch  the  surfaces  of  most  metals,  glass,  or  por- 
celain. Block  pumice  is  particularly  adaptable  for  the 
manufacturing  of  scouring  blocks  which  are  used  to 
clean  cooking  griddles,  utensils,  and  similar  items. 

Most  lump  pumice  is  used,  in  the  form  of  small,  fabri- 
cated blocks,  for  hand  rubbing  of  glass  and  stone,  clean- 
ing stone  surfaces  of  lithographing  plates,  rubbing  down 
finished  steel  and  wood  surfaces  as  well  as  painted  sur- 
faces, finishing  leather,  preparing  surfaces  for  silver 
plating,  and  in  the  electroplating  industry  for  cleaning 
buffing  wheels.  Some  of  the  highest  grade  lump  pumice 
is  used  as  a  toilet  article  to  remove,  by  abrasion,  cuticles, 
calluses,  and  stains  on  the  skin.  Pumice  in  sizes  from 
sand  grains  to  peas  is  used  as  an  abrasive  in  tumbling 
barrels  to  deburr  moderately  soft  metal  products. 

Fine-sized  (minus  100  mesh  or  smaller)  pumice  is  used 
in  compounds  for  finishing  and  polishing  silverware, 
jewelry,  and  other  metalware ;  finishing  auto  bodies ; 
glass  cutting  and  beveling ;  finishing  fine  wood  surfaces ; 
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and  rough  rubbing.  It  also  is  used  in  household  cleansing 
compounds  and  soaps,  rubber  erasers,  and  for  abrading 
and  finishing  hard  rubber  and  fiber  board.  Very  fine- 
sized,  air-floated  ground  pumice  and  pumicite  are  used 
for  precise  abrasive  work  and  in  dental  powder  and 
paste. 

Pumice  for  scouring  blocks  and  lump  pumice  should 
be  free  of  hard  ribs  of  vmexpanded  glass  and  crystals  of 
quartz  and  feldspar,  and  should  consist  of  lumps  from 
which  useful  sizes  can  be  trimmed.  Cell  openings  should 
be  uniform  in  size  and  evenly  spaced,  so  that  the  rock 
has  a  uniform  hardness,  strength,  and  will  wear  evenly. 
The  rock  should  be  tough  enough  to  withstand  disintegra- 
tion during  use. 

Pumicite  mined  for  other  uses  can  be  used  in  abrasives 
if  it  is  relatively  free  of  sharp,  gritty,  particles  of  silica 
or  other  hard  substances  that  scratch  and  from  altera- 
tion products  such  as  bentonite.  The  removal  of  excessive 
quantities  of  impurities  from  pumicite  may  be  prohibi- 
tively expensive.  Pumicite  or  ground  pumicite  for  use 
in  cleansers  should  be  white,  both  when  wet  or  dry. 
Impurities  that  cause  alkaline  reactions  with  soap  are 
undesirable. 

For  fine-grained  polishing  compounds,  pumice  or  pum- 
icite should  consist  of  thin,  curved,  uniformly  sized  frag- 
ments or  particles  of  hollow,  silky  fibers.  Such  materials 
probably  scratch  less  than  those  composed  of  angular  or 
thick  particles. 

Crude  pumice  and  pumicite  for  the  abrasive  market 
are  dry  ground  and  screened  with  standard  mechanical 
equipment,  and  then  dried  and  bagged  for  shipment. 
Unexpanded  glass,  phenocrj-sts  of  quartz,  feldspar,  or 
mica,  or  alteration  products  such  as  clay,  must  be  re- 
moved to  yield  high-quality  abrasive  material.  As  most 
of  these  impurities  are  heavier  than  pumice  and  pum- 
icite, they  can  be  separated  on  dry  concentrating  tables 
or  screens.  Fine  grinding,  if  necessary,  is  accomplished 
by  wet  methods.  Extremely  small  sizes  are  obtained  by 
air  separation  of  finely  ground  material. 

Ground  pumice  and  pumicite  are  classified  and  bagged 
in  11  or  more  sizes  which  range  from  very  fine  air-floated 
powder  (grade  FFFF)  to  sand  or  pea-sized  material. 
Block  pumice  is  usually  hand  sorted  to  obtain  suitable 
material  and  is  then  sawed  to  rough  or  finished  shapes. 
Lump  pumice  is  marketed  into  at  least  7  sizes  ranging 
from  small  lumps  to  lumps  7  or  more  inches  in  diameter. 

Tests  and  specifications  for  abrasive  pumice  and 
pumicite  are  not  standardized  and  vary  according  to 
the  type  of  end  product  desired.  Most  abrasive  con- 
sumers perform  their  own  tests,  principally  by  trial,  and 
set  their  own  specifications.  Expanded  perlite,  a  pumice 
that  is  manufactured  by  rapidly  expanding  natural  per- 
lite in  a  furnace,  is  competitive  with  natural  pumice 
abrasives.  Certain  types  of  expanded  perlite  are  superior 
to  natural  pumice  for  some  abrasives,  because  the  ex- 
panded perlite  can  be  made  more  uniform  in  all  physical 
properties  and  is  snow  white  both  wet  and  dry  (King, 
1948,  p.  297). 

Pumice  and  pumicite  for  abrasive  use  are  usually 
marketed  in  specified  sizes  to  wholesale  jobbers  or  di- 
rectly to  the  consumer.  Material  from  some  deposits  is 
mined,  processed,  and  converted  to  abrasive  products 
by  a  single  firm. 

Ground  and  lump  Italian  pumice  are  competitive  with 
local  material  and  the  market  is  so  limited  that  most 


California  producers  do  not  attempt  to  market  material 
for  abrasive  use.  In  California,  no  operators  who  pro- 
duce fine-ground  or  lump  pumice  market  them  exclu- 
sively as  abrasives,  but  supply  other  markets  as  well. 
Some  California  material  is  marketed  outside  the  state 
Markets  in  other  western  states  are  supplied  principally 
from  sources  within  those  states  or  from  Italian  sources, 
and  markets  in  the  eastern  United  States  are  supplied 
mainly  from  Italian  sources. 

The  pumice  and  pumicite  deposits  that  are  nearest  tc 
industrial  centers  and  that  can  be  mined  and  procei 
most  inexpensively  are  in  the  best  conii)etitive  positiOB. 
Deposits  should  be  readily  accessible,  and  should  be  fn 
of  excessive  overburden.  As  the  pumice  that  is  suitabl 
for  cutting  into  blocks  has  a  higher  unit  value  thi 
other  pumice,  it  can  be  quarried  at  greater  distancei 
from  markets. 

The  following  prices  are  quoted  from  the  Oil,  Paint 
and  Drug  Reporter,  May  1956.  Pumice,  domestic,  ground 
coarse  to  fine  sizes  (minus  100  to  minus  30  mesh  i 
bagged,  in  ton  lots,  4^  cents  per  pound.  Imported  Ital 
ian,  silk  screen,  coarse,  bagged,  in  ton  lots,  6^  cents  pci 
pound ;  fine,  4  cents  per  pound. 

In  1956  ground  pumicite  from  El  Paso  Range,  Ken 
County,  ranged  in  price  from  $45  per  ton  for  minus  ' 
mesh  to  $70  per  ton  for  400  mesh,  f.o.b.  mine.  Retiii 
prices  for  abrasive  articles  made  from  block  pumin 
ranged  from  15  cents  for  blocks  1|  by  IJ  by  f  inchc 
to  $1.00  for  4  by  4  by  8  inch  scouring  blocks. 

Corundum.  Corundum  (AI2O3),  the  second  hardes 
mineral  known,  was  once  an  important  abrasive  material 
but  its  use  has  been  largely  supplanted  by  the  artificiM 
abrasives  silicon  carbide  and  fused  aluminous  oxide. 

Corundum  has  a  hardness  of  9,  is  brittle  to  tough,  am 
generally  occurs  in  silica-poor  metamorphic  or  igneouj 
rocks.  The  best  known  deposits  are  in  Canada,  Indiaj 
Union  of  South  Africa,  Madagascar,  and  the  I^nite( 
States.  It  comprises  as  much  as  75  percent  of  the  roc' 
in  which  it  occurs,  but  generally  is  much  less  abundatii 
The  corundum-bearing  rock  mined  in  Canada  has  avei 
aged  10  percent  or  less.  Corundum  also  has  been  minc' 
from  alluvial  deposits,  especially  in  Africa  and   Iiidiij 

Occurrences  of  corundum  are  vmcommon  in  Califoij 
nia,  and  those  that  are  known  have  not  been  considerO' 
to  be  of  commercial  importance.  Most  of  these  occui 
rences  are  in  metamorphic  and  igneous  rocks  in  L< 
Angeles,  Mono,  Plumas,  Riverside,  and  San  Bernard]  n 
Counties.  Corundum  in  gravels  has  been  reported  i 
Butte  and  Los  Angeles  Counties  (Murdoch  and  Webl 
1948,  p.  122). 

Corundum    has    been    used    principally    in    grindini 
wheels,  in  polishing  compounds,  as  coated  abrasives,  an! 
in  sharpening  stones.  Although  its  use  has  been  sharpl 
curtailed  since  the  advent  of  artificial  abrasives,  coruiL. 
dum  is  still  employed  to  a  limited  extent. 

Corundum  for  use  as  an  abrasive  should  be  pure  an 
tough,  and  when  broken  under  pressure,  should  furnis 
new  cutting  edges.  Fine-grained  material  is  not  salab! 
because  it  yields  a  high  percent  of  dust.  Most  buyei 
judge  first  by  general  appearance  and,  if  satisfactory 
the  material  is  made  into  finished  products  and  teste 
by  actual  use. 

In  1956,  crude  corundum  was  quoted  at  $100  to  $12 
per  ton  c.i.f.  U.  S.  ports  (Eng.  and  Min.  Jour.  Min.  Me 
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vlarkets).  In  the  United  States,  the  American  Abrasive 
'oinpany  of  Westfield,  Massachusetts,  was  the  only  firm 
hat  was  importing  and  concentrating  corundum  in  1955 
Chandler,  1956,  p.  248).  Natural  crystal  corundum  is 
m  the  national  stockpile  list ;  specifications  are  obtain- 
ible  from  U.  S.  General  Services  Administration,  Emer- 
rency  Procurement  Service,  Washington  25,  D.  C. 

Industrial  Diamonds.    Although  diamonds  are  not  pro- 

hiced  commercially  in  California,  large  numbers  of  in- 

lustrial  diamonds  are  consumed  annually  in  the  state. 

Their  use  as  abrasives  has  increased  in  spite  of  a  steady 

ncrease  in  price  since  World  War  II. 

Diamond,  a  crystalline  form  of  carbon,  is  the  hardest 

bstance  known.  It  is  valued  as  a  gem  and  is  the  most 

'ective  of  the  abrasive  materials.  It  occurs  in  pipes  of 

!i6rpentinized  ultrabasic  rocks   (kimberlite)  and  is  eon- 

intrated   in   placer  deposits.   Nearly  all   of  the   world 

pply  of  diamonds  is  obtained  from  deposits  in  Africa 

d    South   America.   Impure,   granular   to   crystalline, 

iff-color  or  flawed  diamonds  are  used  as  abrasives  and 

e  known  commercially  as  "bort, "  "carbonado"  and 

ballas." 

Placer  deposits  in  California  have  yielded  an  estimated 

0  to  600  diamonds  since  1849    (Murdoch  and  Webb, 

948,   pp.   130-131).   Most  of  these  stones  were  found 

when  placer  mining  for  gold  was  most  active.  The  stones 

,re  small  and  tinted  yellow,  but  a  few  of  them  weigh 

lOre  than  2  carats  and  are  nearly  clear.   Nowhere  in 

California  have  diamonds  proved  abundant  enough  to  be 

ined  commercially  (see  section  on  gem  stones  in  this 

olume). 

An  estimated  50,000  to  70,000  carats  of  industrial 
iamond  (bort)  is  consumed  each  month  in  California, 
obably  most  of  this  is  in  the  crushed  or  fragmented 
'orm,  and  some  is  in  powder  form.  The  diamonds  are 
ounted  on  edges  of  circular  saw  blades  which  are  used 
;o  cut  expansion  joints  in  green  concrete,  to  cut  open- 
ngs  in  mature  concrete,  and  to  trim  such  materials  as 
tile,  stone,  glass,  and  semi-precious  stones.  They  also 
e  mounted  in  drill  bits  for  oil  well  drilling  and  min- 
2ral  exploration.  Grinding  wheels  containing  diamonds 
are  used  for  sharpening  and  trimming  cemented  car- 
bide tools  and  wheels.  Diamonds  are  utilized  also  in 
wire-drawing  dies,  and  finely  ground  diamond  is  used 
as  a  polishing  and  lapping  agent. 

The  value  of  industrial  diamonds  imported  for  con- 
sumption in  the  United  States  in  1953  averaged  $3.67 
per  carat  (Chandler,  1956,  p.  256).  This  value  does  not 
include  manufactured  bort  (diamond  dies)  and  diamond 
dust.  Prices  vary  considerably  depending  on  the  quality 
and  size  of  the  diamond. 

Sand.  In  1952,  about  121,000  tons  of  sand  from  Cali- 
fornia was  marketed  for  use  as  an  impact  abrasive 
(sandblasting).  Most  of  the  sand  is  obtained  from  nat- 
ural dunes  and  beach  deposits  that  border  Monterey 
Bay,  and  from  the  beaches  of  southern  California,  nota- 
ibly  the  El  Segundo  area  (see  section  on  special  sands 
in  this  volume). 

Quartz,  Quartzite  and  Sandstone.  Quartz,  quartzite, 
iand  sandstone  may  be  ground  and  graded  to  yield  a 
silica  sand  with  generally  sharper  grains  than  the  nat- 
ural grains.  Quartzite  and  sandstone  can  be  shaped  for 
various  types  of  abrasive  stones-  and  wheels.  Quartz, 
quartzite,   and   sand.stone   are   abundant   in   California, 


but  have  not  been  mined  as  abrasive  materials  in  appre- 
ciable quantities.  (See  section  on  qviartz  and  quartzite 
in  this  volume.) 

Pebbles  for  Grinding.  Between  1915  and  1948,  more 
than  65,000  tons  of  pebbles  for  grindinsr  mills  was  ob- 
tained from  placer  deposits  in  California.  About  four- 
fifths  of  this  material  was  produced  between  1915  and 
1918  when  imports  from  foreign  sources  were  cut  off 
during  World  War  I.  Although  adequate  supplies  of 
suitable  grinding  pebbles  still  exist  in  California,  they 
have  not  been  produced  for  this  purpose  since  1948. 

Hard,  dense,  tough,  relatively  fine-grained  rocks,  that 
are  resistant  to  wear  and  wear  evenly,  make  the  best 
pebbles  for  grinding.  Such  pebbles  generally  consist  of 
flint  or  quartzite  but  other  types  of  rock  such  as  rhyo- 
lite,  granite,  basalt,  and  various  metamorphic  rocks  have 
proved  satisfactory.  Pebbles  that  range  from  3  inches  to 
6  inches  in  diameter  are  marketed  in  specific  sizes 
within  that  range. 

Grinding  pebbles  are  used  mostly  where  size  reduction 
must  be  obtained  with  a  minimum  of  iron  contamination. 
They  have  been  used  for  grinding  feldspar,  talc,  soap- 
stone,  cement  clinker,  chalk,  quartz,  sand,  sandstone,  and 
in  gold  mills.  Iron  and  steel  balls  have  replaced  natural 
pebbles  for  many  uses  because  the  iron  contamination 
has  been  found  to  be  less  detrimental  than  formerly 
believed.  Porcelain  balls  are  used  in  some  mills. 

The  principal  source  of  grinding  pebbles  in  Cali- 
fornia has  been  along  the  shoreline  between  Oeeanside 
and  San  Diego  in  San  Diego  County,  where  pebbles  that 
were  originally  derived  from  granite  and  metamorphic 
rocks  have  been  concentrated  along  the  beaches  by  strong 
wave  action.  The  pebbles  are  hand  selected  and  sorted 
into  specific  sizes.  The  Crj'stal  Silica  Company  now  mar- 
kets these  pebbles  as  filter  aids  (see  section  on  special 
sands  in  this  volume).  When  last  sold  as  grinding  peb- 
bles (about  1948)  the  price  for  pebbles  between  3  and  6 
inches  in  diameter  was  $65  per  ton,  f.o.b.  Oeeanside. 
Pebbles  also  have  been  obtained  from  stream  gravels  in 
Calaveras,  Fresno,  Sacramento  and  Siskiyou  Counties, 
mostly  for  use  in  nearby  mills. 

The  principal  sources  of  imported  grinding  pebbles 
are  beach  deposits  of  flint  in  Denmark,  Belgium,  and 
France.  These  are  local  concentrations  of  flint  derived 
from  chalk  beds  that  are  exposed  in  cliffs  along  the  ocean 
(Metealf,  1940).  The  pebbles  are  hand  selected  and 
sorted. 

Domestic  sources  of  pebbles  for  grinding  are  deposits 
in  Minnesota,  North  Carolina,  Texas,  Washington,  and 
Wisconsin.  Quartzite,  granite,  and  flint  quarried  from 
these  sources  are  supplied  as  crude  and  rounded  mate- 
rial. The  principal  domestic  supplier  of  pebbles  is  Jasper 
Stone  Company,  Sioux  City,  Iowa,  whose  quarry  is  near 
Jasper,  Rock  County,  Minnesota.  Dense,  fine-grained 
quartzite  is  mined  and  supplied  both  in  crude  form  and 
artificially  rounded  form  in  several  sizes.  This  material 
is  marketed  in  California  (1956)  through  wholesale 
dealers  for  the  following  approximate  prices,  f.o.b.  Min- 
nesota, in  carload  lots,  plus  freight,  crating  charges,  and 
handling  charges: 

Egg-shaped,  2J"  diameter $49.00  per  ton 

Rounded,  2^"  diameter $69.00  per  ton 

Cubes,  3"  x  4" $39.00  per  ton 
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Miscellaneous  Abrasives.  Diatomite,  which  is  dis- 
cussed more  fully  elsewhere  in  this  volume,  is  used  as  a 
mild  abrasive  in  hand  soaps,  and  cleansing  compounds, 
in  silver  and  other  metal  polishes,  in  dental  powder  and 
pastes,  and  on  safety-match  heads  and  boxes.  Of  the 
300,000  or  more  tons  produced  in  the  United  States  in 
1954,  less  than  one  percent  was  used  for  abrasive  pur- 
poses. 

Although  feldspar,  kaolin,  and  talc  are  used  for  abra- 
sive purposes,  such  markets  are  small.  Ground  feldspar, 
which  is  slightly  softer  than  glass,  is  the  main  ingredient 
in  some  household  cleansers.  Kaolin  has  been  used  in 
silver  polishing  compounds.  Some  of  the  tale  produced 
in  California  is  used  as  an  abrasive  for  polishing  soft 
metals,  leather,  and  rice  grains.  Each  of  these  commodi- 
ties is  discussed  in  a  separate  section  of  this  volume. 

Dacite  porphyry  from  near  Corona,  Riverside  County, 
is  quarried,  crushed,  and  marketed  mainly  as  roofing 
granules  by  Minnesota  Mining  and  Manufacturing  Com- 
pany. As  the  crushed  fragments  are  tough  and  angular 
they  also  have  been  found  useful  as  an  impact  abrasive. 

ARTIFrCIAL  ABRASIVES 

Most  artificial  abrasive  material  is  manufactured  by 
combining  two  or  more  minerals  or  elements  to  form 
substances  that  are  useful  for  their  abrasive  character- 
istics. Some  artificial  abrasives,  however,  are  made  by 
changing  the  shape  of  a  substance  to  a  more  useful 
form,  e.g.  chilled  shot  from  cast  iron.  Artificial  or  manu- 
factured abrasives  include  three  general  types  of  prod- 
ucts— electric  furnace  products,  metallic  abrasives,  and 
chemical  precipitates. 

Large  tonnages  of  artificial  abrasives,  principally 
electric  furnace  products,  are  consumed  annually  in  Cali- 
fornia although  none  is  manufactured  in  the  state.  The 
materials  are  brought  into  the  state  and  consumed  in  the 
form  of  loose  grains,  bonded  products  (e.g.  abrasive 
wheels),  and  coated  abrasive  products.  Nearly  every  in- 
dustry that  manufactures  products  made  of  wood,  plas- 
tic or  metal  uses  electric  furnace  abrasives  in  one  or 
more  forms.  Metallic  abrasives  and  chemical  precipitates 
are  also  consumed  in  California,  but  probably  much 
less  abundantly  than  electric  furnace  products. 

Three  products  of  fusion  in  electric  furnaces  are  use- 
ful as  abrasive  agents.  Of  these,  silicon  carbide  and  fused 
alumina  are  the  most  common  and  boron  carbide  is  much 
less  so.  Silicon  carbide  (SiC)  is  extremely  brittle  and  is 
exceeded  in  hardness  (9.5  to  9.75)  by  only  diamond  and 
boron  carbide.  It  is  manufactured  by  fusing  a  mixture 
of  crushed  coke,  silica  sand,  common  salt,  and  sawdust, 
all  of  which  are  available  from  sources  in  California. 
Fused  alumina  is  artificial  corundum  (AI2O3).  It  is  or- 
dinarily referred  to  merely  as  alumina.  It  has  a  hardness 
of  9.2  to  9.6  and  is  considerably  tougher  than  silicon  car- 
bide. A  mixture  of  calcined  bauxite,  coke  and  iron  bor- 
ings is  fused  by  means  of  electric  arcs  from  carbon  rods. 
Boron  carbide  (B4C  or  BeC)  is  made  by  fusing  dehy- 
drated (anhydrous)  boric  acid  (B2O3)  crystals  with 
high-grade  petroleum  coke  in  the  electric  furnace.  The 
raw  materials  necessary  for  the  manufacture  of  boron 
carbide  are  available  in  California. 

Electric  furnace  products  have  partly  replaced  nearly 
every  abrasive  material  in  some  uses.  Abrasive  grains  of 
silicon  carbide  and  fused  alumina  are  used  for  grinding, 


lapping,  drilling,  rubbing,  polishing,  and  as  impact  ab- 
rasives. They  are  used  in  coated  abrasive  products  and 
in  bonded  wheels  and  stones.  Boron  carbide  is  used  in 
grain  and  powder  form  and  has  replaced  the  use  of  dia- 
mond for  certain  applications. 

The  metallic  abrasives  are  principally  crushed  steel, 
steel  shot,  and  angular  steel  grit ;  and  steel,  copper,  and 
brass  wool:  Crushed  steel  is  made  from  brittle,  high-car- 
bon and  crucible  sheet  steel.  Steel  shot  is  made  of  high 
quality  cast  iron,  and  angular  steel  grit  is  crushed  steel 
shot.  Steel,  brass  and  copper  wool  are  made  into  various 
finenesses  by  shaving  or  scraping  continuously  moving 
wire  with  fixed  cutting  tools. 

Steel  shot  is  used  for  sawing,  grinding,  and  polishing 
stone,  and  smaller  shot  and  angular  steel  grit  are  used 
as  impact  abrasives  to  clean  metal  castings,  forgings, 
and  metal  parts.  Steel  wool  is  used  for  finishing  wood 
and  painted  surfaces,  and  soft  metal  surfaces.  Steel, 
brass,  and  copper  wool  are  utilized  as  household  cleansers 
and  scouring  agents. 

Several  chemical  precipitates  are  used  as  abrasive 
agents  in  fine-grain  sizes.  Their  main  use  is  as  polishing 
and  bufSng  agents.  Crocus  and  rouge,  both  iron  oxides, 
are  utilized  in  powders  and  pastes  for  polishing  and  fin- 
ishing precious  metals  and  stones.  Some  is  used  in  coated 
abrasives.  Other  precipitates  used  as  abrasives  are 
chromium  oxide,  tin  oxide,  cerium  oxide,  manganese 
dioxide,  magnesia,  lime,  and  calcium  carbonate.  Thes 
agents  have  a  wide  variety  of  uses  such  as  polishiiiu 
and  finishing  glass,  and  buffing  metals,  plastics,  and 
precious  stones. 
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ALUMINUM 

By  Geoeoe  B.  Cleveland 


Aluminum,  the  second  most  abundant  metal  in  the 
earth's  crust,  is  found  in  nearly  all  rocks.  Only  under 
special  geologic  conditions,  however,  does  it  occur  in  large 
high-grade  deposits  that  can  be  economically  worked  as 
a  source  of  the  metal.  At  present  the  only  important  ore 
of  aluminum  is  bauxite.  The  principal  domestic  deposits 
of  bauxite  are  in  Arkansas,  Georgia,  Alabama,  and 
.Mississippi.  These  contain  only  2^  percent  of  the  world's 
leserves,  and  many  cannot  compete  either  in  qualitj'  or 
price  with  foreign  imports.  In  1955,  the  domestic  deposits 
supplied  only  about  26  percent  (1,818,038  long  tons)  of 
I  lie  bauxite  consumed  in  the  United  States.  The  balance 

5,221,008  long  tons)  was  drawn  principally  from  South 
.Vmeriea,  notably  from  the  Guianas,  and  from  the  Carib- 
bean Islands  of  Jamaica  and  Haiti.  The  United  States 
lanks  first  in  the  production  of  primary  aluminum  metal, 
supplying   nearly    48    percent    of   the   world    total   of 

1.050,000  tons  in  1954. 

The  known  occurrences  of  bauxite  in  California  are 
limited  to  small  deposits  which  are  associated  with  fire 
clay.  None  of  these  deposits  have  proved  large  enough 
to  have  been  developed  as  a  commercial  source  of  alum- 
inum ;  nor  has  this  metal  been  recovered  from  any  raw 
material  mined  in  California.  Other  alumina-rich  de- 
posits, principally  the  large  anorthosite  bodies  in  the 
southern  part  of  the  state  and  the  widespread  alumina- 
rich  clays,  constitute  potential  reserves  that  may  eveu- 
nially  yield  aluminum  on  a  commercial  basis. 

Geology  and  Mineralogy  of  Bauxite.  Bauxite  is  a 
colloidal  mixture  composed  of  various  proportions  of 
the  minerals  gibbsite  (A1(0H)3)  and  the  dimorphic 
forms  boehmite  and  diaspore,  both  (AIO(OH))  (Palache 
ft  al.,  1944,  p.  667).  Common  impurities  are  rutile,  sili- 
ceous minerals  such  as  kaolinite  and  quartz  as  well  as 
the  iron  oxides — limonite,  hematite  and  goethite — and 
the  carbonate  minerals  caleite,  magnesite  and  siderite. 
l>auxite  is  gray,  cream,  yellow,  dark  red  or  earthy  brown, 
is  normally  pisolitic  or  oolitic,  and  generally  has  a  mot- 
tled appearance. 


Bauxite  is  a  residual  product  formed  by  the  deep 
weathering  of  aluminous  rocks  under  tropical  condi- 
tions, and  is  commonly  a  constituent  of  lateritic  soils. 
Under  these  extreme  conditions  of  weathering,  the  silica 
and  iron  are  partly  removed,  water  is  introduced  and 
alumina  (AI2O3)  titanium  and  iron  oxides  are  concen- 
trated (table  1,  analyses  7-10).  Climate,  parent  rock, 
chemical  composition  of  the  groundwater,  surface  of 
formation,  drainage  and  time  are  all  contributory  fac- 
tors in  bauxite  formation  (Bateman,  1950,  p  215-216). 
The  principal  parent  rocks  that  have  been  altered  to 
bauxite  are  nepheline  syenite,  granite,  clay-bearing 
limestone,  diorite,  basalt,  shale,  clay,  and  dolerite. 

Bauxite  develops  in  areas  that  have  a  savanna-type 
tropical  climate,  and  many  of  the  world's  bauxite  re- 
serves are  in  the  tropics  in  such  countries  as  Jamaica, 
Gold  Coast,  and  Brazil.  "Fossil  deposits"  such  as  those 
in  Hungary,  France,  China,  Yugoslavia  and  the  United 
States,  occur  in  areas  where  a  tropical  climate  pre- 
vailed during  the  geologic  past,  but  which  today  have 
another  type  of  climate.  Bauxite  deposits  range  in  age 
from  Devonian  to  Recent,  but  most  are  late  Mesozoic  to 
early  Tertiary.  The  domestic  deposits  are  Eocene  in  age. 

Bauxite  deposits  have  been  divided  into  three  types: 
blanket,  interstratified,  and  pocket.  Blanket  deposits  are 
generally  horizontal,  near  the  surface  and  beneath  a 
thin  soil  cover  in  areas  in  the  late  stages  of  erosion. 
The  deposits  in  the  southeastern  United  States  and  Gold 
Coast  are  examples  of  this  type.  Interstratified  deposits 
are  buried  with  other  sediments  and  commonly  occur  as 
layers  or  lenses.  In  general,  interstratified  deposits  are 
more  highly  indurated  than  those  of  the  blanket  type, 
owing  to  the  weight  of  overburden.  Bauxite  occurrences 
in  Arkansas,  the  Guianas  and  the  minor  deposits  of 
California  are  of  the  interstratified  type. 

Pocket  deposits  are  irregularly  shaped  bodies  formed 
in  local  depressions  some  of  which  are  solution  cavities. 
Some  are  surficial  and  some  are  buried  features.  Pocket 
deposits  commonly  have  formed  on  limestone,  dolomite 


Table  1.     Analyses  of  high-alumina 

materials. 

(1) 

(2) 

(3) 

(4*) 

(5*) 

(6*) 

(7) 

(8) 

(9) 

(10) 

.MzOa 

27.32 
55.23 
0.12 
0.04 
9.58 
tr. 
0.39 
5.64 
0.55 

26.96 
56.42 
0.47 
0.08 
8.20 
tr. 
0.97 
5.48 
0.63 

27.3 
49.9 
2.1 
0.3 
13.2 
0.6 
0.6 
3.9 

42.48 

42.17 

1.26 

0.16 

tr. 

to.  96 

46.52 

30.35 

3.33 

o'36 
0.10 
0.16 
0.03 

36.13 

48.93 
1.15 

0.36 
0.21 

to.  87 

53.9 
8.8 
5.7 
2.3 

28"7 

53.87 
4.52 
8.16 

24.86 

64.6 
1.20 
1.2 

31.8 

53.06 
0.51 

17.50 
2.10 

SiOi 

FejOa  - 

TiO! 

CaO-. 

MgO . 

-- 

KiO- 

-" 

NaiO..- 

-- 

HK) 

26.83 

(1-2)  Anorthosite,  Los  Angeles  Co..  rallfoniia. 

(3)  Anorthosite,  Laramie,  Wyoming. 

(4)  Bauxitic  clay,  Amador  Co.,  California. 

(5)  Bauxitic  clay,  Riverside  Co.,  California. 

(6)  Alumina-rich  clay.  Alameda  Co.,  California. 

(7)  Bauxite,  Saline  Co.,  Arltansas. 


(8)  Bauxite.  Chcroliee  Co.,  Alabama. 

(9)  Bauxite,  Surinam  (Netherlands  Guiana) . 

(10)  Bauxite,  Ciaremont,  Jamaica. 

•  Moisture-free  basis. 

t  Total  alkalies  by  difference. 
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and  clay  and  are  also  known  on  igneous  rocks.  Pocket 
deposits  occur  in  France,  Yugoslavia,  Hungary  and 
Ital.v. 

Occurrence  of  Bauxite  Substitutes.  Aluminum  has 
been  produced  experimentally  or  on  a  small-scale  com- 
mercial basis  from  anorthosite,  alunite,  nepheline  syenite, 
leucite,  high-alumina  clays,  andalusite,  and  aluminous 
shales.  When  bauxite  reserves  become  depleted,  one  or 
more  of  these  materials  will  be  extensively  developed  on 
an  economic  basis.  Other  raw  materials  that  may  become 
sources  of  aluminum  are  wavellite  and  diaspora.  The 
urgent  need  for  aluminum  during  World  W^ar  II 
prompted  investigation  into  such  bauxite  substitues  in 
this  country  and  in  Russia,  Sweden  and  Japan.  Small 
tonnages  of  alumina  were  produced  from  high-alumina 
clays  at  a  pilot  plant  in  Harleyville,  South  Carolina. 
Clay  was  also  the  raw  material  utilized  in  an  aluminum 
recovery  plant  at  Salem,  Oregon.  A  plant  was  oi)erated 
at  Salt  Lake  City  early  in  the  war  to  recover  alumina 
from  alunite.  Alunite  from  the  Izu  Peninsula  also  pro- 
vided the  ore  for  aluminum  recovery  in  Japan,  and 
Russia  planned  a  similar  operation  to  utilize  alunite 
from  Azerbaidzhan.  During  1943,  a  pilot  plant  to  pro- 
duce alumina  from  anorthosite  using  the  lime-soda-sinter 
process  was  constructed  near  Laramie,  Wyoming.  War- 
time shortages  prompted  Sweden  to  produce  aluminum 
from  andalusite.  Russia  recovers  alumina  from  nepheline 
syenite  tailings  at  apatite  mines  on  the  Kola  Peninsula 
(U.  S.  Bur.  Mines,  1953,  p.  VII— 7). 

The  Anaconda  Alviminum  Company  is  experimenting 
(1956)  with  the  recovery  of  aluminum  from  domestic 
alumina-rich  clays.  A  large  pilot  plant  in  Montana  will 
process  raw  materials  mined  in  Idaho. 

Although  California  contains  no  known  deposits  of 
clay  that  compare  in  alumina  content  with  the  high- 
alumina  or  diasporic  clays,  some  of  the  fire  clay  described 
in  the  section  on  clay  in  this  volume  can  be  classified  as 
alumina-rich  clay.  The  high-alumina  clays  generally  con- 
tain more  than  40  percent  alumina  and  diasporic  clays 
contain  50  percent  or  more  alumina.  The  alumina-rich 
fire  clays  from  California  deposits  range  from  about 
30  to  40  percent  alumina. 

As  indicated  in  the  discussion  on  clay,  these  deposits 
are  in  the  Eocene  lone  formation  which  occurs  along 
the  western  foothills  of  the  Sierra  Nevada,  the  Paleocene 
Silverado  formation  exposed  in  the  Alberhill-Corona 
area  of  Riverside  County  and  in  the  Eocene  Tesla  forma- 
tion in  eastern  Alameda  County.  These  clay  beds  vary  in 
their  alumina  content  and  the  higher  grade  material 
would  have  to  be  selectively  mined. 

In  1942  the  U.  S.  Bureau  of  Mines  drilled  a  ten-acre 
area  near  the  town  of  lone,  Amador  County,  to  explore 
for  high-alumina  clay  and  revealed  an  estimated  53,- 
800,000  tons  of  clay  averaging  23.6  percent  alumina  and 
2.4  percent  iron  on  a  dry  basis  (Turner,  1950,  p.  287). 
Additional  reserves  in  the  lone  formation  have  been 
noted  bv  Allen  (1929,  p.  379),  Pask  and  Turner  (1952, 
p.  22)  and  Dietrich  (1928,  pp.  51,  354-355).  Sutherland 
(1935,  p.  74,  85)  reports  that  nine  clay  analyses  from 
the  Alberhill  area  of  Riverside  County  range  from  14.97 
percent  to  36.06  percent  in  alumina  content  and  Dietrich 
(1928,  p.  354-355)  reports  analyses  from  25  clay  samples 
which   contain   from    15.19    percent   to   46.52   percent 


Figure  1.  Alumiiia-rich  laterite  from  lone,  Amador  Count.v, 
{'nlifornia.  illustrating  pisolites  and  general  mottled  appearance. 
This  material  ranges  from  about  30  to  40  percent  alumina.  Photo 
by  Mnry  I/ill. 

alumina  averaging  28.53  percent  on  a  dry  basis.  Huev 
(1948,  p.  60)  and  Allen  (1941,  p.  274-277)  describe 
alumina-rich  clays  from  the  Tesla  quadrangle,  Alameda 
County ;  three  representative  samples  reported  by  Allen 
average  35.93  percent  alumina. 

The  alumina-rich  clays  of  California  are  used  prin- 
cipally by  the  ceramic  industry.  They  occur,  associated 
with  other  fire  clays,  in  tabular  bodies  a  few  tens  of 
feet  thick  and  as  much  as  several  thousand  feet  in 
greatest  diameter.  These  clays  are  principally  sedi 
mentary  in  occurrence,  but  residual  deposits  are  known 
at  lone  in  Amador  County  and  at  Alberhill  in  Riverside 
County.  In  general  the  clays  are  intercalated  with  sand 
and  sandy  clay  and  in  some  localities  with  lignite  coal. 
Where  ceramic  clay  is  mined,  the  overburden  is  rela- 
tively thin,  being  generally  less  than  20  feet  thick  lying 
over  a  clay  bed  that  might  be  as  much  as  100  feet  thick. 
The  largest  operations  utilize  heavy  earth-moving  equip- 
ment such  as  carryalls  and  power  loaders  to  nune  the 
clay. 

The  relatively  high  price  of  alumina-rich  clays  is  sup- 
ported by  the  demands  of  the  ceramic  industry  and  pre- 
cludes their  use  as  an  ore  of  aluminum  in  the  near 
future.  Furthermore,  the  concentration  of  alumina  in 
bauxite  is  nearly  twice  as  much  as  the  alumina  content 
of  the  alumina-rich  clays. 

Recent  studies  by  the  California  Division  of  Mines 
concerned  with  the  concentration  of  aluminum  and  other 
metals  in  lateritic  soils  have  greatly  increased  the  known 
areas  of  lateritic  weathering  in  the  state.  A  large  part 
of  northern  California,  especially  in  western  Klamath 
Mountains  area  and  along  the  western  foothills  of  the 
Sierra  Nevada  were  subjected  to  lateritic  weathering 
between  late  Cretaceous  and  early  Tertiary  time.  Be- 
cause of  the  close  association  of  laterite  and  bauxite  else- 
where in  the  world  this  part  of  the  state  may  contain 
bauxite  deposits  (see  section  on  nickel  in  this  volume). 

The  only  large  anorthosite  bodies  known  in  California 
are  exposed  in  the  western  San  Gabriel  Mountains  of 
southern  California  and  have  a  combined  outcrop  area 
of  about  50  square  miles  (Oakeshott,  1954).  Anorthosite 
is  a  rock  composed  principally  of  plagioelase  feldspar. 


Figure  2.     Typical  anorthosite  terrane  in  Soledad  Canyon,  Los  Angeles  County,  California, 
Photo  courie»y  Soufhent  Pacifiv  Railroad. 
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^nerally  labradorite  or  calcic  andesine.  It  may  eon- 
;ain  small  amounts  of  pyroxenes,  ilmenite  and  magne- 
ite.  The  San  Gabriel  Mountain  anorthosite  is  composed 
i)f  calcic  andesine  (97  percent)  with  small  amounts  of 
fipatite  and  zircon  (Higgs,  1954,  p.  178).  Table  1  shows 
ypieal  analyses  from  these  bodies  as  well  as  an  analysis 
'bf  Wyoming  anorthosite  that  was  used  as  an  experi- 
mental source  of  aluminum  during  World  War  II. 

In  California,  nepheline  syenite  has  been  reported 
from  the  northern  Death  Valley  area  of  Inyo  County 
by  McAllister  (1952,  p.  31;  1955,  p.  14)." A  typical 
analysis  shows  21.72  percent  alumina,  59.14  percent 
iilica  and  1.69  percent  iron.  The  rock  has  a  combined 
outcrop  area  of  about  two  square  miles. 

Andalusite  has  been  reported  from  11  counties  in 
California  but  the  only  important  deposit  is  in  the 
White  Mountains  of  eastern  Mono  County  (Murdoch 
and  Webb,  1948,  p.  47).  This  mine  has  produced  rock 
containing  greater  than  60  percent  andalusite,  but  this 
was  very  expensive  to  mine  and  the  known  andalusite 
reserves  are  of  considerably  lower-grade.  The  mine, 
therefore,  cannot  be  considered  a  potential  source  of 
aluminum. 

Recovery  Processes.  Before  metallic  aluminum  can 
be  recovered  from  alumina  (AI0O3)  the  crude  ore  must 
be  ^beneficiated  first  to  remove  clay,  iron  oxides  and  ti- 
tanium and  second,  to  extract  the  alumina.  Two  princi- 
pal methods  are  used  to  free  the  alumina:  (1)  the  alka- 
line method  used  for  bauxitic  ore  rich  in  alumina  and 
free  from  excessive  amounts  of  silica  and  iron  and  (2) 
the  acid  methods  suitable  for  non-banxitic,  low-alumina, 
high-silica  ores. 

Only  the  Bayer  process,  or  alkaline  method,  is  now 
u.sed  to  extract  alumina  from  bauxitic  ores.  In  this  proc- 
ess Jhe  ore  is  ground  and  treated  with  sodium  hydroxide 
which  extracts  the  aluminum  in  solution  as  a  sodium 
alununate.  The  insoluble  residue  of  iron  and  silica  is 
filtered  off  and.  from  the  clear  ^solution,  alinninum  is 
precipitated  as  the  hydrated  oxide.   The  precipitate  is 


washed    to    remove    soda    and    calcined    to    anhydrous 
ahimina. 

About  sixty  acid  leaching  processes  have  been  devel- 
oped to  win  aluminum  from  non-bauxitie  ores.  Three 
primary  objectives  are  common  to  these  processes:  (1)  to 
render  the  ore  aeid-soluble  (2)  to  free  the  alumina  from 
the  enclosing  gangue  and  impurities,  and  (3)  to  recover 
the  reagents  for  recj^cling.  Acid  leaching  methods  utilize 
sulfuric,  sulfurous,  nitric,  or  hydrochloric  acids,  and 
much  of  the  acid  is  lost  by  reaction  with  iron,  alkali- 
earths  and  phosphorous  impurities.  Moreover,  the  forma- 
tion of  new  compounds  necessitates  costly  refining  pro- 
cedures. Ores  that  can  be  treated  by  acid  processes  are ; 
alumina-rich  clays  (25  to  35  percent  AI2O3),  leucite, 
high-silica  bauxite,  aluminous  shales,  alunite  (more  than 
25  percent  (AI2O3),  and  anorthosite  (25  to  30  percent 
AI2O3). 

Among  the  more  promising  methods  to  recover  alu- 
minum from  non-bauxitic  ores  is  the  lime-soda-sinter 
process  developed  at  a  pilot  plant  in  Wyoming  to  utilize 
anorthosite  (Brown,  et  al.,  1947).  Finely  ground  anor- 
thosite, limestone  and  soda  ash  are  sintered  to  form  wa- 
ter-soluble sodium  aluminate  and  water-insoluble  calcium 
silicate.  The  sodium  aluminate  is  leached  with  alkaline 
solutions  and  aluminum  trihydrate  is  precipitated  by 
passing  carbon  and  air  through  the  pregnant  solution. 
The  trihydrate  is  calcined,  forming  anhydrous  aluminum 
oxide.  Other  compounds  such  as  soda  ash  and  potassium 
sulfate  are  recovered  in  the  end  process. 

The  Hall-IIeroult  electrolytic  process  is  employed  to 
produce  metallic  aluminum  from  alumina.  In  this 
process,  the  alumina  is  dissolved  in  molten  cryolite 
(Xa^AlFo)  in  an  electrolytic  cell  and  reduced  to  the 
metallic  state  by  passing  a  current  between  electrodes. 
The  principal  deterrent  to  the  use  of  most  bauxite 
substitutes  lies  in  their  high  ratio  of  silica  to  alumina 
and  the  initial  concentration  of  alumina  compared  with 
the  alumina  content  of  bauxite.  A  high  concentration  of 
silica  is  incompatible  with  the  alkaline  (Bayer)  leaching 
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process  now  in  general  use,  as  it  promotes  the  formation 
of  unusable  sodium-aluminum  silicates.  The  suitable, 
but  more  expensive,  acid  leaching  processes  do  not  dis- 
solve any  appreciable  amount  of  the  silica  and  therefore 
no  undesirable  alumina-silica  products  are  formed.  How- 
ever, acid  leaching  has  the  disadvantage  of  taking  into 
solution  iron,  phosphorus,  and  alkali-earth  metals  which 
interfere  with  the  final  electrolytic  reduction. 

The  use  of  certain  substitute  materials  is  further  re- 
stricted by  their  relatively  high  cost.  This  is  especially 
true  of  alumina-rich  clays.  For  the  present,  the  large 
and  easily  tapped  foreign  supplies  of  bauxite  dispel  any 
large-scale  replacement  of  substitutes.  Increased  con- 
sumption of  aluminum  and  the  steady  elimination  of 
technical  and  economic  problems,  however,  point  to  the 
future  utilization  of  other  alumina-rich  minerals. 

Uses.  The  most  useful  properties  of  aluminum  are 
low  specific  gravity,  high  resistance  to  corrosion,  high 
electrical  and  thermal  conductivity,  ductility,  high 
strength  in  alloys,  and  high  reflectivity.  Engle's  (1945, 
p.  425)  industrial  marketing  appraisal  of  aluminum  lists 
more  than  a  thousand  common  uses  of  this  metal.  Of 
the  3  billion  or  more  pounds  of  aluminum  produced  in 
1955  in  the  United  States,  building  materials  accounted 
for  19  percent;  transportation,  17  percent;  consumer 
durable  goods,  13  percent;  electrical  uses,  8  percent; 
machinery  and  equipment,  7  percent;  and  packaging 
and  containers,  5  percent  (Chemical  Week,  19.55,  p.  58). 

Aluminum  products  can  be  placed  in  three  main 
groups:  (1)  wrought  products,  (2)  cast  products,  and 
(3)  alloys  and  chemicals.  The  building  industry  is  the 
principal  civilian  consumer  of  aluminum.  Aluminum  and 
its  alloys  are  being  used  for  the  exterior  facing  on  indus- 
trial buildings ;  as  paneling  and  siding  in  home  construc- 
tion; in  paint;  and  for  doors,  hardware,  blinds,  roofing, 
windows,  insulation  and  awnings.  The  home  appliances 
and  materials  that  contain  aluminum  include  refrigera- 
tors, vacuum  cleaners,  air  conditioners,  cooking  utensils, 
outdoor  furniture,  and  fabrics  used  for  draperies  and 
upholstery. 

In  the  automobile  industry,  aluminum  is  now  used 
for  such  parts  as  pistons,  door  handles,  body  trim  and 
bearings  which  were  formerly  constructed  of  steel, 
chromium  and  copper.  Certain  makes  of  autos  contain 
nearly  100  pounds  of  this  metal  in  each  unit  and  the 
average  passenger  car  contains  about  30  pounds. 
Builders  of  trucks,  trailers,  buses,  railroad  cars  and 
ships  are  using  aluminum  sheeting  as  an  attractive  ex- 
terior covering  on  their  products. 

Aluminum  may  be  substituted  for  tin  and  steel  in 
containers.  Steel  cans  for  processed  food  have  been  de- 
veloped with  aluminum  rather  than  tin  coatings.  Motor 
oil  is  sold  in  cans  made  entirely  of  aluminum.  Although 
all-aluminum  cans  are  more  expensive  than  steel,  the 
saving  in  shipping  weight  and  the  salvage  value  of  the 
metal  may  offset  the  difference  in  cost.  Aluminum  con- 
tainers formed  from  pressed  foil  are  receiving  wide 
application  in  the  frozen  food  industry. 

A  recently  developed  dry  cell  battery  contains  an 
aluminum  can  rather  than  the  conventional  zinc  can, 
thus  making  u.se  of  aluminum's  low  electrochemical 
equivalent  and  high  electropotential.  Aluminum  wire 
has  partly  replaced  copper  in  electric  power  transmis- 


sion. Although  aluminum  has  lower  electrical  conducti' 
ity  than  copper,  smaller  gauge  aluminum  wire  giv( 
equal  performance  with  savings  in  weight  and  initii 
cost. 

Chemicals  such  as  sodium  aluminate,  zeolite,  aluii 
inum  sulfate,  aluminum  nitrate,  and  aluminum  chlorid 
constitute  a  large  part  of  the  85,000  tons  of  alumin 
used  yearly  in  industrial  chemicals.  Nearly  a  third  c 
this  total  is  used  to  make  synthetic  cryolite  and  alun 
inum  fluoride — chemicals  essential  to  the  production  c 
aluminum  metal. 

Military  applications  account  for  about  one-third  o 
the  total  amount  of  aluminum  consumed  in  the  Unite' 
States.  Most  of  this  goes  into  aircraft  construction,  bu 
other,  uses  include  bridges,  ships,  rockets,  airborn 
equipment,  fuel  pipe  and  smaller  items  such  as  cookin 
equipment  used  by  the  ground  troops. 

Bauxite,  at  high  temperatures,  fuses  to  corundum  ani 
is  widely  used  in  the  manufacture  of  abrasives.  The  us 
of  the  synthetic  material  far  exceeds  that  of  nature 
corundum.  Bauxite  is  also  used  in  high-alumina  refrac 
tories,  as  a  substitute  for  Missouri  diaspore.  About  700, 
000  tons  a  year  of  aluminum  sulfate  are  produced  di 
reetly  from  bauxite  and  there  is  a  growing  market  fo 
its  use  in  absorptive  compounds  for  the  petroleum  in 
dustry,  in  high-alumina  cements  and  as  a  flux  in  th 
steel  industry. 

Although  about  90  percent  of  the  alumina  producec 
in  the  United  States  is  reduced  to  metallic  aluminum,  i 
large  part  of  the  balance  is  used  to  make  silica-alumini 
cracking  catalysts,  white  artificial  abrasives,  industria 
chemicals  and  refractories  for  the  ceramic  industry. 

Prior  to  1940,  nearly  all  the  aluminum  used  in  th 
United  States  was  produced  by  the  Aluminum  Compai 
of  America.  Early  in  World  War  II,  the  Reynold 
Aluminum  Company,  then  a  fabricator  of  metal  procl 
ucts,  entered  the  field  as  a  fully  integrated  company  aa! 
in  1946  it  was  followed  by  the  Kaiser  Aluminum  ant 
Chemical  Company.  In  1955,  Anaconda  Aluminum  be 
gan  production  of  primary  metal  at  Columbia  Falls 
Montana. 

Markets.  The  production  of  primary  aluminum  is 
dependent  upon  abundant  electrical  power  and  bauxite 
ore.  The  aluminum  industry,  in  order  to  balance  these 
two  economic  factors,  has  located  plants  in  three  prin- 
cipal areas — Washington,  Oregon,  and  Montana;  Texas, 
Arkansas  and  Louisiana ;  and  in  New  York,  North  Caro- 
lina, Alabama  and  Tennessee.  The  cheap  electrical  powei 
of  the  Pacific  Northwest  offsets  the  cost  of  transporting 
raw  materials  from  the  Caribbean  and  the  Gulf  Coast. 
Eastern  plants,  although  deriving  part  of  their  elec- 
tricity from  coal  which  is  relatively  expensive,  are  in 
the  heart  of  a  large  aluminum  consuming  area.  The 
Gulf  Coast  plants  derive  their  power  from  electric  plants 
that  consume  natural  gas  or  lignite  and  benefit  from 
their  close  proximity  to  Jamaican  and  Arkansas  ores. 

Aluminum  raw  material  and  formed  stock  is  shipped 
throughout  the  United  States  for  final  fabrication.  For 
example,  one  aluminum  company  converts  Jamaican 
bauxite  to  alumina  at  Baton  Rouge,  Louisiana;  the 
alumina  is  reduced  to  pig  at  New  Orleans  or  at  Mead  or 
Taeoma,  Washington.  The  pig  is  converted  to  rod,  bar, 
wire  or  ingot  in  Ohio.  Ingot  stock  is  shipped  to  Pennsyl- 
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aia  for  forcings.  Extrusions  are  made  in  Maryland 
d  sheet  and  plate  at  Trentwood,  Washington.  Sheet 
iminum  from  Trentwood  is  shipped  to  West  Virginia 
d  to  Permanente,  California  to  be  milled  into  foil. 
16  basic  forms  are  sold  to  numerous  manufacturers  for 
iking  useful  products. 

Aluminum  is  produced  in  a  few  large  integrated 
Hits  and  they  are  the  principal  markets  for  bauxite, 
merally,  these  plants  draw  their  raw  materials  from 
mpany  owned  or  controlled  deposits.  Commercial 
lounts  of  bauxite  have  not  been  produced  in  California 
cause  the  known  deposits  are  too  small  for  large  scale 
mmercial  development  and  abundant  and  cheap  elec- 
ical  power  is  lacking.  Under  present  marketing  con- 
tions  it  would  be  difficult  to  develop  a  bauxite  deposit 
iiiii  *  California.  The  railroad  freight  charges  to  transport 
e  ore  to  alumina  extraction  and  aluminum  reduction 
ants  in  other  states  would  make  it  economically  un- 
asible.  Small  amounts  of  bauxite  have  been  used  in 
difornia  in  making  zeolite  water  softeners  and  local 
arkets  could  possibly  be  developed  that  would  utilize 
.uxite  for  abrasives,  chemicals  or  absorptive  com- 
mnds.  However,  it  seems  unlikely  that  any  large  scale 
ivelopment  could  be  supported  by  the  present  demand. 
Before  aluminum  can  be  produced  in  California  from 
e  nonbauxitic  raw  materials  previovisly  described,  the 
st  of  producing  it  in  this  state  will  have  to  approach 
■  be  less  than  the  market  price  for  ingot  aluminum. 
Ithough  progress  has  been  made  on  the  recovery  of 
uminum  from  nonbauxitic  ores,  the  high  cost  of  plant 
■cilities,  transportation  equipment  and  raw  materials 
ould  inhibit  a  rapid  changeover  to  a  new  process.  The 
rge  initial  capital  investment  necessary  to  enter  the 
luminum  industry  would  be  another  ma.jor  deterrent 
all  but  the  largest  companies. 

Prices.  In  1940  the  price  for  99  percent  plus  primary 
luminum  ingots,  was  18.7  cents  per  pound.  From  1942 
Qtil  1947,  the  price  was  stabilized  at  a  low  of  15.0  cents 
er  pound,  but  by  1952  the  price  had  reached  20  cents 
(id  by  middle  1955  to  24.4  cents.  In  September  of  1956 
le  price  was  27.1  cents  per  pound.  In  October  1956, 
omestic  bauxite  sold  for  about  $8  per  long  ton  at  the 
line  and  imported  bauxite  was  about  $6  per  long  ton, 
o.b.   British    Guiana.   Abrasive   grade   bauxite   ranged 

om  $17  per  long  ton  for  domestic  ore  to  $19  for  im- 
orted  ore.  Refractory  grade  imported  ore  brought 
bout  $24  per  long  ton.  Although  the  base  price  of 
himinum  has  increased,  it  has  not  undergone  the  rad- 
ial fluctuations  of  other  competitive  materials  and  its 
rice  history  is  compatible  with  the  country's  general 
'onomic  trend. 
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ANTIMONY  * 

Bv  Harold  B.  Goldman 


Thoiigrh  antimony  occurs  at  numerous  localities  in 
lUfornia,  and  was  mined  as  early  as  1887,  only  a  few 
indred  tons  of  the  metal  have  been  obtained  from 
nrees  within  the  state.  More  than  half  of  the  total 
jtput  was  mined  during;  the  period  1915-17  under  hij^h 
artime  prices.  Since  World  War  I,  antimony  produc- 
on  has  been  negfligible,  notwithstanding  the  urgent 
jmand  and  high  prices  of  World  War  II.  Antimony 
tncentrates  from  out-of-state  sources,  however,  were 
nelted  in  California.  Deposits  in  Kern  and  Inyo 
ounties  have  been  the  principal  antimony  sources  in 
le  state. 

MINERALOGY  AND  GEOLOGY  OF   DEPOSITS 

'  Stibnite  (Sb2S3)  is  the  oidy  antimony  mineral  of 
jmmercial  importance,  althoiigh  its  oxidation  products, 
jrvantite  (Sb204),  senannontite  (Sb20:i),  and  valen- 
inite  (Sb20n)  contribute  to  the  value  of  some  ores, 
fetrahedrite  [(Cu,Fe)i2Sb4S,s],  cinnabar  (HgS),  and 
yrargyrite  (3Ag2S-Sb2S3)  are  among  the  many  anti- 
lony  minerals  of  minor  importance  as  sources  of 
ntimony. 

Most  concentrations  of  antimony  occur  as  stibnite- 
learing  quartz  veins.  Such  veins  have  formed  in  a  wide 
lariety  of  rock  types  but  generally  exist  in  regions  in 
fhieh  igneous  rocks  are  abundant.  The  stibnite  is  char- 
,cteristieally  pockety  and  irregularly  distributed  in 
ather  small  concentrations.  Most  quartz-stibnite  veins 
lave  formed  at  shallow  depths  and  at  relatively  low 
emperatures.  They  appear  to  have  been  formed  by  hot 
iscending  solutions  genetically  related  to  the  nearby 
gneous  bodies.  Other  minerals  commonly  present  in  the 
hallow  veins,  though  in  small  amounts,  are  pyrite 
PeS2),  sphalerite  (ZnS),  arsenopyrite  (FeAsS),  tetra- 
edrite  [(Cu,Fe)i2SbiSi3],  and  cinnabar  (IlgS).  Minor 

lounts  of  silver  and  gold  also  occur  in  some  of  these 
■eins.  A  more  deep-seated  origin  has  been  ascribed  to 
•ome  antimony  deposits  that  occur  within  or  near  plu- 
onic  igneous  rocks.  The  igneous  rocks  with  which  most 

S)f  the  world's  antimony  deposits  are  associated  range 
.  n  age  from  late  Cretaceous  to  Tertiary.  Antimony 
jleposits  probably  were  comparably  abundant  in  forma- 
ions  of  even  greater  age,  but  are  presumed  to  have  been 
Toded  away. 

Replacement  deposits  of  antimony  in  shale  and  lime- 
itone  are  also  common.  In  some  replacement  deposits, 
rtibnite  is  subordinate  to  galena  and  other  lead-bearing 
niuerals.  Stibnite,  with  cinnabar,  may  be  found  in  hot 
■springs  deposits. 

The  largest  deposit  of  antimony  ore  in  the  United 
States  is  in  the  Yellow  Pine  district,  at  the  Yellow  Pine 
mine,  Valley  Covmty,  Idaho.  More  than  80  percent  of 
(the  domestic  production  from  1932  to  1952  was  obtained 
from  this  mine  where  stibnite,  associated  with  gold  and 
silver,  occurs  in  veins  throughout  wide  shear  zones  in 
quartz  monzonite  of  the  Idaho  batholith.  These  veins 
average  about  one  percent  antimony.  When  the  price  of 
antimony  was  low  the  ore  was  mined  chiefly  for  gold. 


Partly  extracted  from  a  section  by  L.  A.  Norman,  Jr.  in  California 
Div,  Mines  Bull.  156. 


When  the  price  of  antimony  was  more  than  20  cents 
per  pound,  the  antimonv  was  valued  more  than  the  gold. 
In  1940,  White  (1940a,' p.  248)  estimated  that  the  min- 
able  reserves  were  2,818,000  tons  of  ore  containing  25,970 
tons  of  recoverable  antimony.  The  IJ.  S.  Bureau  of  Mines 
and  Geological  Survey  (1951,  Chapt.  Ill,  p.  7)  estimate 
the  total  domestic  reserves  at  80,000  to  100,000  tons  of 
antimony,  half  of  which  are  in  the  Yellow  Pine  district. 
Other  deposits  in  the  United  States  occur  in  the  Hum- 
boldt Range,  Nevada ;  Baker  County,  Oregon ;  and  in 
Garfield  County,  Utah. 

The  bulk  of  the  world's  production  of  antimony  has 
been  obtained  from  China  and  Bolivia,  ("hina  was  the 
principal  source  until  1937,  supplying  nearly  two-thirds 
of  the  world's  output.  The  world's  chief  reserve  of  anti- 
mony is  in  the  Hsi-K'uang-shan  field  in  Hunan  Province. 
Here  stibnite  and  quartz  occur  in  fractures  in  a  500-foot 
bed  of  quartzite.  The  field  is  3|  miles  long  by  2  miles 
wide  and  has  been  worked  to  a  depth  of  300  feet.  The 
average  antimony  content  is  about  6  percent  (U.  S. 
Bureau  of  Mines  and  Geological  Survey,  1951,  an.  2, 
p.  12).  China's  reserves  are  estimated  at  4  million  tons 
of  contained  antimony,  over  70  percent  of  the  total  world 
reserve  (U.  S.  Bureau  of  Mines  and  Geological  Survey, 
1951,  chapt.  3,  p.  50).  Since  1940,  Bolivia  has  been  the 
world's  leading  producer  of  antimony.  The  antimony 
occurs  in  numerous  scattered  deposits  in  a  northwest- 
striking  belt  extending  from  Achacache  north  of  Ija 
Paz  southeast  into  Argentina.  Quartz  veins  containing 
stibnite  and  antimony  oxides  occur  in  narrow  long  belts 
of  fractured  slates  as  much  as  85  miles  long  and  1300 
feet  wide.  The  veins  are  2  to  3  feet  wide,  and  irregular. 
The  highest-grade  material  occurs  at  vein  intersections. 
The  ore  as  mined  contains  about  10  percent  antimony. 
Reserves  are  estimated  at  500,000  tons  of  the  metal 
(U.  S.  Bureau  of  Mines  and  Geological  Survey,  1951, 
chapt.  3,  p.  40). 

The  principal  antimony  deposits  of  Mexico  are  in  the 
states  of  San  Luis  Potosi,  Oaxaca,  Queretaro,  Zacatecas 
and  Sonora.  The  deposits  occur  as  replacements  in  lime- 
stone, and  as  fissure  veins  genetically  related  to  volcanic 
rocks  of  intermediate  to  acidic  composition.  The  highest- 
grade  ore  bodies  consist  of  irregular  masses,  veinlets,  and 
disseminations  in  limestone,  and  contain  about  5  percent 
antimony.  Reserves  in  Mexico  are  estimated  at  500,000 
tons  of  antimony.  However,  most  of  the  ore  is  low  grade 
containing  antimony  oxides  that  are  uneconomical  to 
process  (U.  S.  Bureau  of  Mines  and  Geological  Survey, 
1951,  chapt.  3,  p.  26). 

LOCALITIES   IN   CALIFORNIA 

Small,  widely  scattered  deposits  of  antimony  occur  in 
several  localities  in  California,  principally  in  Kern, 
Inyo  and  San  Benito  Counties.  Past  production  came 
mainly  from  the  Wildrose  Canyon  deposits,  Inyo 
County;  the  San  Emigdio  Canyon  area,  Kern  County; 
and  small  deposits  in  the  eastern  part  of  Kern  County. 
The  largest  reserves  are  in  Wildrose  Canyon,  Inyo 
County ;  Antimony  Peak,  Kern  County,  and  the  Stayton 
district  in  San  Benito  and  Merced  Counties. 
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Figure  1.     Map  showing  antimony  deposits  in  California. 
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Figure  2.     (Jeologic  map  of  Sta.vton  district,  San  Benito   County.    After    U.S.    Gcol.   Survey    Bull.   931. 


Inyo  County.  In  Wildrose  Canyon,  which  is  in  the 
ananiint  Range,  stibnite  and  its  alteration  products 
cc'tir  in  zones  of  shearing  and  fractviring  along  the  limbs 
jnd  crests  of  anticlines  in  pre-Cambrian  chlorite  schist 
!nd  amphibolite.  The  deposits  are  distributed  through- 
ut  an  area  approximately  i  mile  wide  and  f  mile 
lUg.  The  ores  are  of  two  types :  brecciated  amphib- 
lite  containing  from  1  to  2  percent  antimony,  and 
uartz  veins  containing  from  5  to  10  percent  antimony 
iWhite,  1940b,  p.  320).  The  richest  deposits  are  on  the 
outh  side  of  the  canyon  in  a  vein  system  that  extends  for 
200  feet.  The  veins  range  from  less  than  an  inch  to  5 
eet  in  width,  averaging  IJ  feet  wide.  The  main  vein 
las  been  worked  to  depths  up  to  50  feet  in  the  Wildrose 
ntimony  mine.  Stibnite-bearing  quartz  veins  also  occur 
m  the  north  side  of  the  canyon,  2  miles  north  of  the 
•Vildrose  antimony  mine.  The  main  vein  there  is  trace- 
ible  on  the  surface  for  200  feet  and  strikes  N.  10°  W. 
md  dips  70°  E.  In  three  short  adits  drilled  into  the 
lillside,  the  vein  averaged  2  feet  in  thickness.  The  re- 
;erves  in  the  Wildrose  Canyon  area  probably  contain  at 
east  1000  tons  of  antimony  (U.  S.  Bureau  of  Mines  and 
f|}eologieal  Survey,  1951,  chap.  3,  p.  9). 

Other  deposits  in  Inyo  County  occur  at  the  Old  De- 
oendable  mine  in  Trail  Canyon,  Panamint  Range ;  on 
;he  west  slope  of  the  Argus  Range  at  the  Hilltop,  Rocket 
ind  Darwin  mines;  on  the  east  slppe  of  the  Sierra  Ne- 
ifSida  near  Bishop.  At  the  Bishop  mine  pods  of  stibnite 


about  8  feet  in  maximum  dimension  occur  in  a  zone  of 
fault  gouge  between  rhyolite  and  limestone. 

Ker7i  County.  In  the  San  Emigdio  Canyon  area  at 
Antimony  Peak,  Kern  County,  antimony  deposits  lie 
along  a  shear  zone  in  quartz  diorite  exposed  near  the 
top  of  the  peak.  The  zone  is  2500  feet  long  and  from  10 
to  130  feet  wide,  averaging  about  35  feet  in  width.  It 
trends  N.  40°  W.  and  dips  55°  to  the  south.  The  ore  is 
irregularly  distributed  and  occurs  as  small  lenses  and 
pods  with  their  long  axes  parallel  to  the  strike  of  the 
zone.  Lenses  several  feet  in  width,  when  followed  down- 
ward, commonly  thin  to  a  few  inches  or  pinch  out  alto- 
gether. The  higher  grade  ores  contain  stibnite,  quartz, 
antimony  oxides,  and  inclusions  of  country  rock.  Trench- 
ing and  sampling  by  the  U.  S.  Bureau  of  Mines  in  1940 
and  1941  revealed  19  lenses  with  an  average  length  of 
80  feet,  a  width  of  8.5  feet  and  an  average  antimony 
content  of  2.5  percent  (Jermain  and  Ricker,  1949,  p.  4). 
Reserves  are  estimated  at  3000  to  9000  tons  of  antimony 
(U.  S.  Bureau  of  Mines  and  Geological  Survey,  1951, 
chapt.  3,  p.  9). 

Small  deposits  of  antimony  occur  near  the  Kern  River 
in  the  Ilavilah  and  Kernville  districts  and  in  the 
Mojave-Rosamond  area,  but  the  best  of  the  easily  re- 
covered ore  appears  to  have  been  removed  and  the 
reserves  are  probably  small.  Some  native  antimony  was 
found  in  these  districts  (Murdoch  and  Webb,  1948,  p. 
50).  Small  ore  bodies  have  been  worked  intermittently 
at  the  Alice  mine  in  the  Havilah  district,  the  Amalia 
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FiGt/RE  3.     Map  showing'  veins  at  Quien  Sabe  mine,  San  Henito 
County.  Ajter  U.S.  Bur.  Mines  Rept.  Inv.  5192. 

mine  near  Cinco,  the  Jennette-Grant  mine  in  the  Green 
Mountain  district,  Wiggins  and  Studhorse  Canyon 
mines  in  Studhorse  Canyon,  the  Rayo,  Standard,  Grace 
Darling,  Tom  Moore  mines  on  Erskine  Creek,  the 
Mahary  and  Houghthawoth  near  Rosamond,  and  at  the 
Bull  Dog  and  Antimony  Consolidated  mines  north  of 
Mojave. 

San  Benito  County.  The  Stayton  mercury-antimony 
district  is  in  the  eastern  part  of  San  Benito  County  but 
also  includes  parts  of  Santa  Clara  and  Merced  Counties. 
The  district  is  approximately  4  miles  wide  by  6  miles 
long  and  lies  in  the  north-central  part  of  a  dissected 
Tertiary  volcanic  field  that  extends  over  a  hundred 
square  mile  area.  The  rocks  of  the  area  include  Miocene 
(?)  basaltic  extrusive  rocks  that  were  arched  into  a 
northward-trending  anticline,  planed  by  erosion  and 
capped  by  andesitic  extrusive  rocks.  Quartz  veins  con- 
taining stibnite  and  cinnabar  occur  mainly  in  the  basalts 
along  north-trending  faults  in  the  central  part  of  the 
district.  The  veins  average  2  feet  in  width  and  range 
from  a  few  hundred  to  several  thousand  feet  in  length 
and  are  bordered  by  a  kaolinized  and  silicified  breccia. 
This  breccia  is  cut,  replaced  and  cemented  by  veins  of 


black  chalcedonic  quartz  containing  pyrite  and  son 
needles  of  stibnite.  Small  pods  of  stibnite  have  replao 
the  black  quartz  and  filled  fractures  in  it.  The  aver.i: 
antimony  content  is  1  to  3  percent  (Bailey  and  Myci 
1949,  p.  48).  The  deposits  are  all  on  private  ranches  ai 
none  are  held  as  mining  claims.  The  property  owiic 
are  the  French  Ranch  (Ambrose  and  Shriver  mines 
Wiley  Garner  (Gleason  mine),  and  R.  B.  Knox  (Sfii 
ton,  Blue  Wing,  and  Quien  Sabe  mines). 

In  late  1949  and  throughout  1950  the  Cordero  Minii 
Company  of  Palo  Alto  and  the  U.  S.  Bureau  of  Mi  in 
prospected  the  Quien  Sabe  mine  on  the  Knox  propeii 
with  tunnels  and  drill  holes.  Ten  cored  holes  rangini 
in  depth  from  150  to  359  feet  and  totaling  2483  fi'i' 
were  drilled  and  sampled  by  the  Bureau  of  Mines  (Wi^ 
belt,  F.,  1956,  p.  1).  The  antimony  occurs  as  stibnii 
localized  in  northward-trending  silicified  fault  zonfj 
in  basalt  and  tuff.  The  veins,  which  dip  westward  froj 
44°  to  60°,  have  been  developed  by  more  than  160 
feet  of  drifts  and  crosscuts.  Nine  of  the  holes  encouij 
tered  antimony-bearing  vein  material.  Seven  of  the  holf 
penetrated  a  mineralized  zone  approximately  11  fee 
thick  that  assayed  1.7  percent  antimony.  This  zon 
extended  for  a  distance  of  about  200  feet  down  the  di| 
of  the  vein  below  a  tunnel  which  was  driven  1200  fee 
along  the  strike  (Wiebelt,  1956,  p.  9).  Overall  explon 
tion  revealed  an  estimated  200,000  tons  of  ore  averagin 
3  percent  antimony  and  a  probable  estimated  reserve  c 
1  million  tons  of  3  percent  antimony  ore  (Willistoi 
S.  H.,  1956,  personal  communication). 

San  Bernardino  County.  The  Desert  Antimony  min 
near  Mountain  Pass  is  the  only  property  that  has  bee 
operated  for  antimony  in  San  Bernardino  County.  Stit 
nite  occurs  in  quartz  veins  in  Archean  granite  gneis; 
The  veins  2  to  5  feet  wide  contain  irregular  aggregate 
and  stringers  of  stibnite  up  to  2  feet  wide.  The  ore  i 
reported  to  have  contained  15  to  20  percent  antimon; 
sorted  to  a  grade  of  40  percent  (Wright,  L.  A.  an 
others,  1953,  p.  59).  Small  tonnages  were  produced  i 
1927-28  and  1939. 

Other  minor  ore  bodies  in  the  state  have  been  workei 
at  the  Mountain  Group  claims  in  Riverside  County,  am 
the  Marquat  Estate  deposit  in  San  Luis  Obispo  County 
Occurrences  of  antimony-bearing  minerals  in  Californi 
have  been  tabulated  by  Murdoch  and  Webb  (194^ 
p.  50). 

HISTORY  OF   PRODUCTION 

The  deposit  discovered  prior  to  1859  in  San  Emigdi 
Canyon,  Kern  County,  was  the  first  antimony  discover 
in  the  United  States  that  proved  to  be  of  conmiercia 
value  (Schrader,  1933,  p.  662).  From  1887  to  1954  thi 
and  other  deposits  in  California  have  yielded  a  total  pr< 
duction  of  antimony  valued  at  slightlv  in  excess  o 
$225,000  (Averill,  C.  V.  and  others,  1948). 

The  San  Emigdio  antimony  mine  in  Kern  Count 
was  first  worked  by  the  padres  of  the  mission  perioc 
It  was  reopened  in  1876  and  a  concentrating  plan 
and  smelter  were  erected  to  treat  the  ores  which  carriei 
silver  as  well  as  antimony.  This  mine  and  other  mine 
in  the  same  area  and  in  other  districts  in  Kern  Count, 
have  been  worked  intermittently.  Most  of  their  ])r( 
ductive  periods  have  been  during  times  of  high  meta 
prices,  particularly  in  1915-16,  1925,  1928,  1939-44.  Th 
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Figure  4.     Map  showing  mineralized  zone  at  Antimony  Peak,   Keru   County.   After    U.S.   Bur.   Mines  Kept.  Inv.  J^SOS. 


total  value  of  antimony  production  from  Kern  County 
is  estimated  at  approximately  $80,000  (Tucker,  Samp- 
son, and  Oakeshott,  1949,  p.  206).  The  most  recent 
activity  in  the  county  was  in  1952  and  1953  when  a 
!('\v  tons  of  antimony  ore  was  mined  but  not  shipped 
iVom  the  Bingo  and  Antimony  Queen  mines  in  the  Cali- 
iite  area  and  the  Big  Oscar  mine  in  the  Greenhorn 
Mountains. 

During  the  1915-17  antimony  "boom"  the  Wildrose 
mine  in  Inyo  County  was  the  principal  source  of  anti- 
mony in  the  state,  yielding  an  estimated  4000  tons  of 
me  (Tucker  and  Sampson,  1938,  p.  378).  Some  of  the 
lire  was  treated  at  a  plant  in  Wildrose  Canyon,  but  most 
of  it  was  treated  at  a  smelter  in  San  Pedro.  This  mine 
has  been  little  worked  since  1918.  During  World  War 
II  there  was  a  revival  of  production  in  the  county  prin- 
cipally from  the  Bishop,  Darwin  and  Old  Dependable 
mines.  Since  1944  the  only  production  in  Inyo  Countj- 
was  5  tons  of  ore  worth  $1467  from  the  Rocket  mine 
in  1948. 

The  antimony  deposits  of  the  Stayton  district,  San 
l>i'uito  County,  were  first  worked  from  1870  to  1875. 
Cinnabar  associated  with  the  antimonj^  was  soon  dis- 
covered in  the  area  and  work  was  concentrated  upon  the 
more  valuable  quicksilver  ores.  However,  the  antimony 
licposits  were  reopened  in  the  periods  1894-95,  1916-17, 


1927-28,  and  1941-42.  The  amount  of  antimony  produced 
is  unrecorded,  but  the  total  is  presumably  only  a  few 
hundred  tons.  Since  1942  only  quicksilver  has  been  pro- 
duced from  this  district. 

The  search  for  additional  antimony  deposits  is  being 
carried  on  through  exploration  assistance  of  the  Defense 
Mineral  Exploration  Administration  under  the  Defense 
Production  Act.  In  1953,  a  DMEA  loan  was  granted 
to  the  Abaca  Mining  Company  to  explore  the  Big  Oscar 
antimony  prospect  in  Kern  County.  Only  traces  of  anti- 
mony-bearing material  were  encountered  by  the  explora- 
tion work.  A  portion  of  the  Stayton  district  was  test 
drilled  by  the  U.  S.  Bureau  of  Mines  in  1950 ;  a  DMEA 
loan  was  recommended  but  no  ore  was  mined. 

UTILIZATION 

Antimony  is  a  brittle,  silvery-white  metal  with  a 
melting  point  of  630°  C,  a  low  coefficient  of  expansion 
10.2  X  10-«  at  0°  C,  and  a  Mohs'  scale  hardness  of  3. 
Owing  to  its  brittleness  the  metal  is  very  seldom  used 
alone  in  industry  but  advantage  is  taken  of  this  ])roperty 
in  alloys.  Elemental  antimony  exists  in  two  forms.  Alpha 
antimony  is  a  metastable  form  containing  antimony 
trichloride  in  solid  solution.  This  solid  solution  is  known 
as  "explosive  antimony"  because  if  heated  or  scratched, 
it  transforms  suddenlv  to  beta  form  giving  off  clouds 
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Figure  5.     Furnace  for  liquating  rich  antimony  ores. 
After  Wang,  Metallurgy  of  Antimony. 

of  antimony  trioxide.  This  property  has  led  to  the  use 
of  antimony  in  flameproofed  textiles  and  fireworks. 

Antimony  metal  imports  hardness  and  strength  to 
softer  metals  when  incorporated  into  alloys.  The  princi- 
pal use  for  the  metal  is  in  antimonial  lead  employed  in 
the  manufacture  of  grid  plates  for  lead  storage  batteries. 
Antimony  is  added  to  the  lead  plate  because:  (1)  it 
gives  a  clean  casting  with  more  accurate  and  reproduci- 
ble results  than  can  be  obtained  with  soft  lead;  (2) 
it  resists  sulfuric  acid  better;  and  (3)  it  is  harder  than 
soft  lead  and  less  subject  to  mechanical  damage  (Has- 
kell, 1952,  p.  21).  Antimony  also  is  widely  used  in  bear- 
ing metals  because  lead-tin-antimony  alloys  possess  the 
requisite  hardness  and  have  low  melting  points  that 
enable  them  to  be  cast  easily.  Antimony  is  also  used  in 
type  metal  since  the  antimony  hardens  the  type  making 
it  resistant  to  impact  and  wear,  and  counteracts  the 
tendency  of  lead  to  contract  during  solidification  of  the 
alloy.  Lead  alloys,  of  which  antimony  comprises  from 
1  to  20  percent,  are  also  used  in  cable  sheathing,  solder, 
ammunition,  sheet  pipe  and  other  minor  products.  In 
1954,  approximately  40  percent  of  the  primary  antimony 
consumed  by  industry  was  in  such  metal  products. 


The  principal  industrial  compounds  of  antimony  ;ii 
the  trioxide  SbaO.i,  sulfide  SbaSg,  and  chloride  SbCI 
Peacetime  uses  of  these  compounds  are  mainly  as  o]);h- 
fying  agents  in  enamels,  pigments  in  paints  and  lacqu.  i 
and  flame  retardant  in  plastics  and  paints.  During  Woi  1 
War  II  and  in  recent  years  the  largest  single  use  i 
nonmetallic  antimony  was  in  preparing  an  antimini 
compound  to  render  war  and  industrial  fabrics  an 
camouflage  paints  fire  resistant.  The  compounds  am 
mony  trioxide  or  antimony  chloride  dissolved  in  ;i 
organic  solvent  quickly  extinguish  flames  by  a  chin 
ical  reaction  that  releases  smothering  clouds  of  anti 
mony  trioxide. 

Antimony  trioxide  is  used  as  an  opacifying  agent  to 
white  enamels  to  give  a  brilliant  finish  and  lessen  \\\ 
blistering  efi'ects  of  tin  oxide  which  it  replaces.  The  iis 
of  the  oxides  is  due  to  their  high  refractive  indie- 
2.04  and  2.09. 

"Antimony  white"  the  trioxide  of  antimony,  whicli  i 
formed  as  a  very  fine  powder  in  the  flues  of  antimoii; 
roasting  furnaces,  can  be  used  as  a  pigment.  A  special  1; 
ground  and  prepared  oxide  of  superior  texture,  opacity 
and  whiteness  is  also  produced  for  this  purpose.  Otln 
pigment  colors  are  obtained  from  the  oxides  and  tii 
oxides. 

Antimony  is  also  used  in  various  forms  in  the  maim 
facture  of  medicine,  fireworks,  ammunition  prinit  is 
matches  and  rubber  products.  In  1954,  approximat(l.\ 
60  percent  of  the  primary  antimony  consumed  by  indiis 
try  was  in  nonmetallic  products.  Table  1  shows  tin 
industrial  consumption  of  primary  antimony  in  ih. 
United  States  in  1954. 

Tahle  1.     Industrial  consumption  of  primary  antimony  in  19ij } 


Product 

Short  tons 

antimony 

content 

Percent 

grami 
total 

Metal  producU: 

Ammunition   __   

5 

1,531 

1,583 

816 

156 

70 

47 

238 

148 

613 

118 

1 

Bearing  metal  and  bearings..   . 

6  7 

Castings ._ 

Collapsible  tubes  and  foil   ., 

.4 
1.9 
1.2 
5.0 
1.0 

Solder 

Type  metal        

Other  _ 

Total  metal  products..     ..   . 

5,325 

22 

37 

27 

316 

950 

706 

763 

15 

681 

700 

620 

49 

1,969 

43.7 

.2 

.3 

.2 

2.6 

7.8 

5.8 

6.3 

.1 

5.6 

5.7 

5.1 

.4 

16.2 

Nonmetal  products: 

Antimony  sulfides 

Glass  and  pottery.. 

Paints  and  lacquers 

Plastics 

Rubber  products .   

Other  (includes  antimony  trichloride  and  sodium 
antimonate) . 

6,855 

56.3 

Grand  total  - 

12,180 

100.0% 

•  U.  S.  Bureau  of  Mines.  1955,  Primary  antimony  in  1954:  Mineral  Industry  Surveys, 
Mineral  Market  Kept.  No.  2385. 
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EXPLANATION 

0.  roasting  furnace 

b.  condensers 

c.  oxide  collecting  ctiombers 

d.  extiQusting  tons 

e.  coke  tower 

f.  water  spray 

g.  oxide  settling  pits 
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Figure  6.     Herrenschmidt  roastiiiR   plans   for   producing    antimony   trioxide.  After  M'ang,  Metalluruy  of  Antimony. 


Two  potential  applications  that  may  ultimately  reqnire 
large  tonnages  of  antimony  are  under  development : 
(1)  the  vise  of  antimony  as  a  partial  substitute  for 
aickel  in  electroplating  and  (2)  the  use  of  antimony 
lemieonductor  compounds,  aluminum-antimony  and  in- 
dium-antimony, in  new  types  of  electronic  devices. 

Materials  that  can  be  partially  substituted  for  anti- 
mony include  calcium  as  a  hardening  agent  and  bismuth 
in  battery  plates.  Cadmium,  titanium,  and  antimony  are 
competitive  pigments. 

MINING   METHODS  AND  TREATMENT 

Because  most  of  the  world's  antimony  ores  are  ob- 
tained from  small  irregular  and  scattered  bodies,  they 
have  not  been  mined  by  large-scale  methods.  Mining  is 
selective,  is  done  mostly  by  hand,  and  the  ore  is  hand 
sorted.  The  deposits  have  been  developed  by  open  pits 
or  by  shallow  underground  workings. 

Most  antimony-bearing  ores  can  be  successfully  con- 
centrated by  combined  gravity  separation  and  flotation 
methods.  Flotation  of  the  simple  ores  (stibnite  in  a 
siliceous  gangue  rock)  is  accomplished  b}^  using  standard 
reagents  such  as  sodium  carbonate,  sodium  silicate,  cop- 
per sulfate,  xanthate,  cresylic  acid,  and  pine  oil.  Com- 
plex sulfide  ores  have  been  beneficiated  successfully  by 
differential  flotation  at  the  Yellow  Pine  mine,  Idaho. 
As  the  antimony-bearing  sulfide  is  generally  in  small, 
disseminated  grains,  fine  grinding  is  required.  The  min- 
eral stibnite  is  soft,  friable  and  breaks  readily  on  grind- 
ing to  produce  slimes  not  recoverable  by  gravity  meth- 


ods. Gravity  concentration,  therefore,  has  not  proved 
very  successful  in  practice  except  as  an  adjunct  to 
flotation. 

Oxide  ores  have  not  been  floated  successfully.  Hand 
sorting  and  hand  jigging  have  been  used  to  raise  the 
grade  of  these  ores  for  shipment. 

Antimony  is  extracted  from  its  ores  by  pyrometal- 
lurgical,  hydrometallurgical  or  electrolytic  processes,  or 
combinations  of  them.  The  method  of  extraction  is  deter- 
mined largely  by  the  grade  of  ore  (Dennis,  1954;  Wang, 
1952). 

Table  2.     Methods  generally  adopted  in  antimony  smelting.* 


Type  of  ore 

Approximate  Sb 
content  (percent) 

Method 

Suiade      -      

20 
35 
50 

30 
50 

Sulfide__      

Sulfide 

Liquation  and  English  precipi- 

Oxide 

tation 

Oxide 

Oxide  and  sulfide 

Blast-furnace  method 

*  Wang,  C.  Y.,  and  Rlddell,  G.  C.  Antimony,  in  Liddell.  D.  M.,  and  others.  Handbook  of 
Nonferrous  Metallurgy,  2d  ed..  vol.  2,  p.  137,  1945. 

The  pyrometallurgy  of  antimony  is  based  on  the 
ready  volatility  of  the  oxide  and  the  ease  of  reducing 
the  sulfide  and  oxide  to  metal. 

In  China  the  liquation  of  high-grade  stibnite  ores  (50 
percent  antimony)    has  been  a  common  practice.   The 
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Figure  7.     Flow  sheet  of  Laredo  antimony  smelter.  After  Journal  of  Metals,  June  1953. 


process  is  simple  and  involves  heating  the  charge  just 
enough  to  permit  the  release  of  the  antimony  as  molten 
material  of  low  purity. 

Sulfide  concentrates  of  lower  grades  (15  to  25  percent 
antimony)  are  volatilized  or  roasted  to  produce  a  tri- 
oxide  which  may  be  marketed  as  such  or  reduced  to 
metal.  Processes  employing  volatilization  as  a  means  of 
extraction  differ  only  in  the  types  of  roaster  used.  One 
of  the  oldest  processes,  the  Herrenschmidt,  uses  a  grate 
type  roaster.  Fume  products  from  these  volatilization 
plants  are  collected  in  flues  and  baghouses  and  are 
reduced  to  metal  in  reverberatory  furnaces. 

The  blast-furnace  smelting  of  sulfide  or  oxide  ores  of 
antimony  directly  to  the  metal  is  similar  in  many  re- 


spects to  the  procedure  for  smelting  lead.  Actually  the 
blast  furnace  is  another  variation  of  the  volatilization 
process  coupled  with  smelting  for  the  production  of 
metal.  The  ores  most  suitable  for  blast  furnace  smelting 
are  those  containing  between  25  and  40  percent  anti- 
mony. The  blast-furnace  method  is  used  at  the  National 
Lead  Company's  antimony  smelter  at  Laredo,  Texas. 
The  only  antimony  smelter  to  have  been  active  in  Cali- 
fornia was  operated  by  the  Harshaw  Chemical  Co.  in 
El  Segundo,  Los  Angeles  County.  This  plant  which  was 
active  from  1940  to  1949  occasionally  purchased  small 
lots  of  California  ore.  Their  process  involved  flasli 
roasting  of  concentrates  and  reduction  of  the  trioxidf 
in  a  reverberatory  furnace  to  an  unrefined  metal  that 
was  later  purified. 
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Antimony  ■  copper  -  silver    concentrate 
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Figure  8.     Sunshine  electrolytic  antimony  plant.  After  Detnih, 
Metallurgy  of  the  Xon-Ferrous  Metals. 


Antimony  was  recovered  by  hydrometallurgieal  meth- 
ods by  the  Sunshine  Mininji  Company,  Kellopfi,  Idaho 
from  1942  to  1944,  and  the  Bunker  Hill  and  Sullivan 
Miiiinfr  and  Concentrating  Company,  Kelloop;,  Idaho 
from  1940  to  1950.  In  both  cases  the  ore  was  tetra- 
hedrite,  a  complex  silver-copper-antimony  sulfide  con- 
taining 20  percent  antimony.  The  process  involved  leach- 
ing the  concentrate  with  a  hot  sodium  sulfide  solution 
to  dissolve  out  the  antimony.  The  solution  was  then 
treated  by  electrolysis  and  the  antimony  precipitated 
on  mild-steel  cathodes.  Both  electrolysis  plants  are  shut 
down. 

Metal  produced  by  many  of  these  methods  is  impure ; 
it  is  termed  crude  or  unrefined  antimony,  and  must  be 
treated  to  remove  the  objectionable  impurities  such  as 
arsenic,  iron  and  other  metallic  components.  Lead  is  diffi- 
cult to  remove  and  consequently  antimony  ores  or  crude 
metal  that  contain  a  significant  amount  of  lead  com- 
monly are  converted  to  antimonial  lead  or  hard  lead 
for  the  trade.  Electrolytic  methods  as  well  as  reverbera- 
tory  furnace  methods  are  used  to  refine  impure  anti- 
mony. The  refined  metal  is  cast  so  that  the  surface  has 
a  "starred"  appearance.  This  surface  is  obtained  by 
using  a  refining  flux  that  remains  molten  at  a  tempera- 
ture below  the  solidification  point  of  the  metal.  The 
metal  solidifies  under  the  molten  cover  enabling  the 
surface  crystals  to  assume  a  dendritic  form. 


TahJe  3.     Annual  tonnage  anil  value  of  antimony  produced  in  '     '■ 
in  California  1887-19!}^.^  \ 


Year 

Tons> 

Value 

Year 

Tojis 

Value 

Year 

Tons 

Value 

1887 

75 

$15,500 

1902 

510 

35,666 

1943 

0 

0 

1888 

100 

20,000 

1916 

1,015 

64,793 

1944 

3H 

600 

1889 

0 

0 

1917 

158 

18,786 

1948 

2 

1,467 

1893 

50 

2,250 

1918 

0 

0 

1952 

7" 

1894 

150 

6,000 

1925-26 

26 

770 

1953 

2" 

1895 

33 

1,485 

1927 

20 

590 

1954 

0 

0 

1896 

17 

2,320 

1928 

20 

761 

1897 

20 

3,500 

1929 

0 

0 

1898 

40 

1,200 

1939 

150 

4,552 

1899 

75 

13,500 

1940 

28 

7,958 

1900 

70 

5,700 

1941 

10 

2,537 

1901 

50 

8,350 

1942 

30 

9,251 

'  After  C.  V.  Averill  and  others,  1948,  California  mineral  production  for  1946:  California 
Dlv.  Minra  Bull.  139,  p.  32. 

-Tonnage  figures  1889-1939,  inclusive,  represent  tons  of  antimony  ores  shipiied  1940-51 
amount  of  recoverable  metal.  To  conceal  output  of  individual  producers  where  neces- 
sary, production  figures  are  omitted  or  combined  to  cover  a  2-year  period. 

^  Ore  mined  but  not  shipped. 

MARKETS  AND   PRICES 

Because  of  the  lack  of  tariff  protection,  domestic  pro- 
ducers have  been  unable  to  compete  with  low-cost  im- 
jiorts,  and  in  1952  the  Yellow  Pine  mine  in  Idaho  shut 
down  (Rennick  and  Wright,  1955,  p.  151).  As  the 
foreign  producers  have  richer  natural  deposits  and 
much  lower  labor  costs,  the  domestic  output  of  antimony 
has  been  very  small  since  1952.  In  1954,  domestic  anti- 
mony   production    totaled    approximately    800    tons    of 
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Figure  10. 


Refined  "starred"  antimony  metal. 
Photo  hy  Mary  Hill. 


metal  obtained  principally  as  the  by-product  of  complex 
lead-silver-eopper  ore. 

In  1955,  the  industrial  con.sumption  of  primary  anti- 
mony in  the  United  States  in  both  metallic  and  nonmetal- 
lie  products  totaled  12,500  tons,  a  2  percent  increase 
over  1954. 

Domestic  primary  antimony  smelters  produced  8200 
Bhort  tons  of  metal,  oxide  and  sulfide  in  1955,  an  increase 
of  3  percent  over  1954.  Domestic  primary  lead  smelters 
produced  2200  short  tons  of  antimonial  lead  as  a  by- 
product from  domestic  and  foreign  silver  and  lead  ores. 
The  total  production  of  antimony  at  secondary  smelters 
was  estimated  at  about  21,000  short  tons.  In  1955  imports 
of  ore  oxide,  and  metal  chiefly  from  Mexico,  Bolivia, 
Union  of  South  Africa,  and  Belgium-Luxembourg,  to- 
taled 13,000  tons  of  contained  antimony  (U.  S.  Bureau 
of  Mines,  1955  Mineral  Market  Report  M.M.S.  2501). 

The  price  of  antimony  metal  as  of  May  1956  was 
quoted  at  33.0  cents  per  pound  bulk,  Laredo,  Texas. 
Nominal  quotations  for  ore  containing  a  minimum  grade 
of  50  to  55  percent  antimony  was  $3.20  to  $3.35  per 
short  ton  unit  ($160  to  $184  per  ton  of  ore).  Antimony 
prices  are  characterized  by  relative  instability  and  wide 
fluctuation.  During  wartime,  demand  increases  greatly 
l)eeause  of  military  uses ;  during  depression  demand  de- 
creases considerably.  Because  of  price  uncertainty  op- 
erators are  reluctant  to  make  capital  commitments  for 
mechanization.  Domestic  reserves  are  small  and  low 
grade  and  because  of  high  labor  costs  can  not  be  worked 
without  mechanization. 

At  the  Western  Governors  Mineral  Policies  Confer- 
ence, held  in  Sacramento  in  November  1955,  the  confer- 
ence committee  on  antimony  agreed  that  the  reactivation 
of  some  of  the  larger  antimony  deposits  in  Califor- 
nia would  require  that  the  price  of  the  ore  and  concen- 
trate (45  percent  antimony  or  better)  be  raised  to  at 
least  30^  per  pound  of  contained  antimony  and  that  the 
price  of  the  smelted  products  (metal  and  oxide)  be 
raised  to  60<i  a  pound.  Such  an  increase  in  price  for  the 
ore  and  concentrate  would  probably  put  into  operation 


those  California  deposits  that  contain  ores  averaging  ■ 
percent  or  more  antimony.  Under  the  present  (195(i 
price  of  $3.20  per  unit  (for  50  percent  antimony  con 
centrate),  the  California  producer  probably  could  not 
work  economically  deposits  that  average  less  than  6  pci- 
cent  antimony.  The  nearest  antimony  smelter  is  at  L;i 
redo,  Texas.  The  cost  of  shipping  antimony  ore  from  aii.\ 
point  in  California  to  Laredo  is  $26.54  per  ton  for  a  4(i 
ton  minimum  carload  or  $31.50  per  ton  for  a  30-ton 
minimum  carload. 
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ARSENIC 

By  J.  GuANT  Goodwin 


Though  arsenic  is  not  an  abundant  element,  it  is 
ividely  distributed  in  the  earth's  crust.  Arsenical  ores  of 
Cad.  copper,  silver,  and  gold  are  common  in  California 
I  lid  throughout  the  western  United  States  and  Mexico. 
The  domestic  supply  would  be  more  than  adequate  to 
ueet  demand  if  the  price  paid  for  arsenic  was  sufficient 
to  encourage  recovery.  Arsenic  is  considered  a  nuisance 
liy  refineries  because  of  its  deleterious  effects  and  arseni- 
■al  ores  are  penalized  heavily.  It  is  recovered  principally 
IS  a  matter  of  necessity  in  the  smelting  and  refining  of 
ither  ores.  Arsenic  therefore  is  a  by-product  metal  not 
^()^lght  after  and  ordinarily  avoided  whenever  possible. 
Sweden  alone  unavoidably  produces  more  arsenic  each 
vear  at  the  Boliden  copper  mine  than  the  world  is  con- 
suming annually.  Arsenic  from  California  ores  and 
smelter  residues  is  ultimately  recovered  along  with  other 
by-product  metals  at  scavenger  smelters  in  the  western 
Tnited  States.  Most  of  the  arsenic  of  industry  is  white 
irsenic  (arsenic  trioxide)  of  value  principally  because  of 
lis  toxic  properties.  The  principal  use  for  white  arsenic 
is  in  the  manufacture  of  insecticides  and  herbicides. 

Arsenic  in  Nature.  The  principal  arsenic  minerals 
lie  arsenopyrite  or  mispickel  (sulfarsenide  of  iron), 
liillingite  (iron  arsenide),  enargite  and  tennantite  (sul- 

Il'arsenides  of  copper),  realgar  and  orpiment  (arsenic  sul- 
|fides),  and  the  arsenides  of  nickel  and  cobalt.  Native 
jarsenic  is  known  but  rare.  A  large  number  of  less  com- 
Jnion  sulfarsenides  of  the  metals  are  known.  Arsenopyrite 
is  by  far  the  principal  source  of  white  arsenic  in  indus- 
try. Arsenic-bearing  minerals  are  common  in  many  ores 
of  the  base  and  precious  metals.  Notable  examples  of 
high-arsenic  ores  are:  (1)  arsenopyrite-bearing  copper 
ore  at  Boliden,  Sweden;  (2)  enargite-bearing  copper  ore 
at  Butte,  Montana;  (3)  arsenic-bearing  copper-lead-sil- 
ver ores  of  Mexico;  (4)  arsenopyrite-bearing  gold-silver- 
lead  ores  of  Nevada;  (5)  arsenopyrite-bearing  silver  ores 
in  the  Randsburg  district,  California;  and  (6)  arseno- 
pyrite-bearing gold  ores  of  the  Alleghany  district,  Cali- 
fornia. 

Properties  of  Arsenic.  Arsenic  is  a  gray  metal  with 
a  metallic  luster.  It  has  a  specific  gravity  of  5.6  to  5.9, 
a  hardness  of  3.5  (Mohs'  scale),  and  is  extremely  brittle. 
Arsenic  will  melt  at  red  heat  under  pressure  and  in  the 
absence  of  oxygen ;  at  atmospheric  pressure,  however,  it 
passes  from  a  solid  to  a  gas  at  a  temperature  of  450°  C. 
Arsenic  acts  as  both  a  metal  and  nonmetal,  by  forming 
oxides  or  combining  with  metals  to  form  arsenides.  It 
has  a  valence  of  3  and  5.  Arsenic  burns  in  air,  giving  off 
dense  white  fumes  of  arsenious  oxide  which  may  be 
recognized  by  their  characteristic  garlic  odor.  The  physi- 
cal and  chemical  properties  of  arsenic  render  it  worth- 
less as  a  structural  metal.  The  fact  that  small  amounts 
of  arsenic  impart  brittleness  to  metals  limits  its  use  in 
alloj's.  The  principal  commercial  use  of  arsenic  is  in 
insecticides  and  herbicides  where  the  toxic  nature  of 
arsenical  compounds  is  utilized. 

Recovery  of  Arsenic.  The  arsenic  of  industry  is 
recovered  largely  as  arsenic  fume  (impure  arsenous  tri- 


oxide from  smelter  stacks,  Cottrell  dust  precipitators, 
and  baghouse  dusts).  Lead  baghouse  dust  and  copper 
furnace  and  roaster  dusts  commonly  contain  from  20  to 
30  percent  arsenic  which  is  in  the  form  of  arsenous  tri- 
oxide. This  dust  is  revolatilized  in  reverberatory  fur- 
naces and  sublimed  in  the  cooling  chambers  of  arsenical 
kitchens  as  pure  white  arsenous  trioxide,  the  arsenic  of 
industry.  This  is  by  far  the  greatest  source  of  arsenic. 
At  lead  smelters  a  copper-iron  speiss  containing  about 
30  percent  arsenic  and  variable  quantities  of  lead,  nickel, 
and  other  metals  is  separated  from  the  lead  bullion.  The 
speiss  is  shipped  to  copper  smelters  for  recovery  of  the 
copper  and  other  metals.  Drosses  skimmed  from  the 
softening  kettles  at  lead  refineries,  composed  largely  of 
arsenides  and  antimonides,  are  refined  at  scavenger 
smelters  for  recovery  of  the  contained  metals.  Arsenic  is 
also  recovered  from  the  electrolytic  baths  at  copper  re- 
fineries where  it  is  precipitated  as  calcium  arsenate  and 
sold  directly  as  an  insecticide. 

Arsenic  in  California  and  the  History  of  Arsenic  in 
the  United  States.  Arsenic  occurs  in  California  princi- 
pally in  the  mineral  arsenopyrite,  which  is  widely  dis- 
tributed. As  previously  noted,  it  is  especially  abundant 
in  the  arsenopyrite-bearing  silver  ores  of  the  Kandsburg 
district,  and  in  the  arsenopyrite-bearing  gold  ores  of  the 
Alleghany  district  and  the  Mother  Lode.  Arsenopyrite 
and  sulfarsenides  also  are  present  in  the  base-metal  ores 
of  the  Mojave  Desert,  Sierra  Nevada  foothills,  and 
Shasta  district.  At  only  three  localities  has  there  been 
any  attempt  to  mine  arsenical-bearing  vein  material 
principally  for  its  arsenic  content.  In  1920,  ore  contain- 
ing 12  to  14  percent  arsenic  was  shipped  from  the  Sul- 
tana mine  near  Grass  Valley  to  the  Tacoma  smelter  in 
Washington  (Heikes,  1922). 

In  November,  1923,  Arsenic  Products  and  Refining 
Company,  owned  by  Chipman  Chemical  Engineering 
Company,  converted  the  Butters  cyanidation  plant  at 
Martinez,  California,  into  an  arsenic  plant.  The  com- 
pany's principal  source  of  ore  was  from  Nevada,  but  in 
1924  they  solicited  California  ores  and  received  about  35 
tons  of  ore  containing  15.8  percent  arsenic  from  the 
Contact  mine  northwest  of  Rosamond  in  Kern  County. 
The  ore  was  shipped  from  Kernville  by  Oliver  Hitchcock. 
During  the  same  year  an  attempt  was  made  to  recover 
crude  arsenic  fume  from  the  arsenopyrite-bearing  veins 
at  the  Black  Mountain  prospect  southeast  of  Escondido 
in  San  Diego  County.  Only  700  pounds  of  crude  arsenic 
fume  containing  31.4  percent  arsenic  was  produced;  this 
was  shipped  to  Arsenic  Products  and  Refining  Company 
by  Frank  Chopkiiis  of  Escondido.  The  operation  was 
subsequently  abandoned.  Arsenic  Products  and  Refining 
Company  consumed  their  output  of  white  arsenic  in  the 
manufacture  of  a  herbicide,  then  in  great  demand  by  the 
railroads  for  weed  killing  along  right-of-ways.  During 
the  same  period  National  Chemical  Company  at  Pitts- 
burg, California,  also  produced  arsenical  compounds.  The 
arsenic  industry  was  short-lived  and  in  1925  both  plants 
were  closed  and  dismantled   (Ambruster,  1926). 

Dry  weather  which  kept  weeds  and  insects  under  con- 
trol caused  a  drop  in  demand  for  insecticides  and  herbi- 
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cides.  The  price  of  white  arsenic  dropped  from  13^  cents 
per  pound  to  6|  cents  per  pound  during  1924  and  has 
remained  at  or  below  that  level  up  to  the  present  time. 
At  this  price,  arsenic  production  has  been  unprofitable 
and  arsenic  has  thus  assumed  tlie  role  of  a  troublesome 
and  unwanted  by-product. 

Heikes  (1923)  states  that  California  probably  ranked 
sixth  in  the  United  States  in  the  production  of  arsenic 
in  1922.  The  source  of  this  arsenic  was  the  copper-iron- 
arsenic  speiss  shipped  to  Tacoma,  Washington,  from  the 
copper  smelters  at  Copperopolis  and  in  the  Shasta  dis- 
trict, from  copper  concentrates  and  ores  shipped  to  Ta- 
coma from  the  Sierra  Nevada  foothill  belt  and  Shasta 
district  and  from  arsenical  silver  ore  shipped  from  the 
Randsburg  district.  California's  production  of  arsenic 
from  these  sources  dates  back  to  1901  when  the  first  re- 
covery of  arsenic  in  the  United  States  was  made  by 
Puget  Sound  Reduction  Company,  at  Everett,  Washing- 
ton (Struthers,  1902).  This  smelter,  owned  by  American 
Smelting  and  Refining  Company,  was  treating  copper 
speiss  and  copper  ores  and  concentrates  from  the  western 
United  States.  Prior  to  1901  the  entire  United  States 
arsenic  supply  was  imported. 

By  1905,  Anaconda  Company  had  installed  arsenical 
kitchens  and  was  recovering  white  arsenic  at  Butte,  Mon- 
tana. Other  western  smelters  later  installed  recovery 
units  and  arsenic  kitchens  to  supply  the  increasing  de- 
mand for  arsenic  by  agriculture  until,  by  1924,  nine 
smelters  in  the  United  States  were  producing  white 
arsenic.  The  low  price  of  ar.senic  since  1924  which  re- 
sulted from  oversupply  and  decreasing  demand  closed 
many  of  the  arsenic  plants  and  forced  arsenic  to  assume 
its  by-product  role.  During  the  same  year  large  quanti- 
ties of  by-product  arsenic  became  available  from  Amer- 
ican Smelting  and  Refining  Company's  smelter  in  Mexico. 

The  arsenic  content  of  most  base-metal  ores  is  below 
1  percent ;  however,  arsenical  dusts  and  residues  ac- 
cumulate rapidly  at  the  smelters.  American  Smelting 
and  Refining  Company's  smelter  at  Selby,  California, 
treats  lead  ores  and  concentrates,  and  gold-silver  ores 
and  concentrates  from  Australia,  South  America,  and 
western  North  America.  Part  of  the  arsenic  contained 
in  the  ores  is  volatilized  and  caught  by  the  Cottrell 
electro.static  precipitators  and  in  the  bag  house.  The 
bulk  of  the  remainder  forms  a  copper-iron-arsenic  speiss 
which  separates  from  the  slag  and  from  the  lead  bullion. 
The  remainder  of  the  arsenic  (and  antimony)  is  removed 
as  a  dross  from  lead  bullion  during  the  process  of  soft- 
ening. The  dross  and  flue  dusts  were  formerly  shipped 
to  the  Murray  smelter  in  Utah,  which  acted  as  a  scavenger 
smelter.  The  copper-iron  speiss  from  Selby  is  shipped  to 
the  Tacoma  copper  smelter  where  by-product  arsenic  is 
produced.  Arsenic  from  California  ores  and  concentrates 
has  also  been  recovered  at  the  Anaconda  smelter  in  Mon- 
tana, at  the  Midvale,  Utah,  smelter  owned  by  United 
States  Smelting,  Refining  and  Mining  Company,  and  at 
the  El  Paso  smelter  operated  by  American  Smelting  and 
Refining  Company.  Statistics  are  not  available  on  total 
production  of  arsenic  from  ores  mined  in  California. 

The  production  of  white  arsenic  in  the  United  States 
began  in  1901  when  Puget  Sound  Reduction  Company 
produced  the  first  300  tons.  Production  and  consumption 
increased  rapidly  until  1924  when  20,177  short  tons  were 
produced  and  24,000  tons  were  consumed.  Domestic  pro- 
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duction  did  not  reach  this  level  again  until  the  World] 
War  II  period  when  it  reached  an  average  of  28,00( 
short  tons  annually.  The  peak  year  was  1944  when  36,094 
tons  of  white  arsenic  was  produced.  During  1942  tln' 
consumption  of  white  arsenic  was  at  an  all-time  high  of) 
47,083  short  tons.  Exclusive  of  the  war  years  the  average! 
annual  consumption  of  white  arsenic  in  the  United  Statesj 
has  been  about  24,000  short  tons,  about  50  percent  of 
which  has  been  imported,  mainly  from  Mexico.  In  1953| 
domestic  production  of  white  arsenic  dropped  to  10,87H 
short  tons  and  the  apparent  consumption  dropped  to 
16,032  short  tons.  All  of  the  metallic  arsenic  that  is  con- 
sumed domestically  is  imported.  This  totals  only  about! 
100  to  125  short  tons  a  year  and  is  consumed  in  harden-1 
ing  lead  and  in  special  copper  alloys  (Renick,  1955). 
Smelters  in  the  TTnited  States  have  a  potential  capacity 
of  more  than  30,000  short  tons  of  white  arsenic  annually 
if  the  need  should  arise.  The  estimated  domestic  reserves 
of  white  arsenic  are  2^  million  short  tons  (Renick,  1955 

Marketing  of  White  Arsenic  and  Arsenic  Compounds 
in  California.  The  M'hite  arsenic  of  industry  is  sold  t(. 
manufacturers  of  insecticides  and  herbicides  who  pre- 
pare the  arsenical  compounds  marketed  as  toxants.  In 
California,  Federated  Metals,  a  marketing  division  ol 
American  Smelting  and  Refining  Company,  is  the  priii 
cipal  wholesale  outlet  for  white  arsenic.  It  is  sold  in 
carload  lots  only.  The  various  chemical  supply  houses 
act  as  wholesalers  and  retailers  of  smaller  lots. 

The  annual  consumption  of  white  arsenic  by  Ww 
insecticide-herbicide  industry  in  California  in  recent 
years  is  estimated  to  be  about  2,000  short  tons.  Califoriii.i 
Spray-Chemical  Corporation  is  the  largest  consumer. 

Uses  of  Arsenic.     The  principal  uses  for  white  arsenic 
are  in  the  preparation  of  herbicides,  wood  preservatives, 
and  insecticides,   and  in  the  manufacture  of  glass.   In 
1953  an  estimated  50  percent  of  the  total  white  arsenic 
consumption  was  in  the  manufacture  of  herbicides  and 
wood  preservatives,  40  percent  in  the  manufacture  of  in- 
secticides, and  10  percent  in  the  manufacture  of  glass 
(Renick,  1955).  The  principal  toxic  compounds  are:  (1  * 
basic  lead  arsenate  sprays  and  dusts  used   chiefly  foi- 
destroying  the  codling  moth  and  various  chewing  insects ; 
(2)  tri-calcium  arsenate,  used  chiefly  for  boll  weevil  con 
trol  and  snail  bait;  (3)  sodium  arsenite,  used  chiefly  ii^ 
a  herbicide  and  also  in  ant  poisons,  termite  controls,  cat 
tie  dip,  chemical  debarking  of  trees  in  the  pulpwood  in- 
dustry, and  in  defoliants  for  cotton  and  other  ei-ops: 
(4)   arsenic  trioxide  solutions,  used  in  wood  preservii 
fives  and  soil  sterilization;  and  (5)  basic  copper  arsenate 
or   Paris   Green,   used  against   chewing  insects.   In  the 
glass  industry    (Weyl,   1951),  arsenic  is  used:    (1)    in 
soda-lime-silica  gla.ss  where  from  0.3  to  0.5  percent  ar 
senic  trioxide  is  used  as  an  oxidant  of  small  concentra- 
tions of  iron;  (2)  with  manganese  where  the  e(|uilibrium 
between  AsoO.-i  and  AsoO.-,  acts  as  an  oxygen  buffer  tn 
the  .sensitivity  of  the  MnaO:^  equilibrium  during  loc;il 
or  temporary  changes  in  the  oxidation-reduction  condi 
tion  of  the  furnace  atmosphere;   (3)   in  the  refining  of 
selenium  pink  glass,  also  as  an  oxygen  buffer;  and  (4 
in  phosphate  glas.ses  for  high  ultra-violet  transmission 

The  minor  uses  for  arsenic  include  the  use  of  metallii 
arsenic:  (1)  to  harden  lead  in  the  lead  shot  industry: 
(2)  in  special  copper  alloys;  (3)  in  solder  where  arsenir 
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Company 


Principal  producers  and  distributors  of  arsenical  compounds  in  California. 
Product 


California  Spray-Chemical  Corp. 
Riehmoiifl,  Calif. 


A.  L.  Castle,  Inc. 
Mountain  View,  Calif. 

Chipman  Chemical  Co.,  Inc. 
Palo  Alto,  Calif. 

Fresno  Agricultural  Chemical  Co. 
Fresno,  Calif. 

Los  Angeles  Chemical  Co. 
Los  Angeles,  Calif. 

Niagara  Chemical  Division  Food 

Machinery  &  Chemical  Corp. 
Richmond,  Calif. 

Pacific  Guano  Company 
Berkeley,  Calif. 

Sherwin-Williams  Co. 
Oakland,  Calif. 

Stauffer  Chemical  Co. 
San  Francisco,  Calif. 

United  Chemical  Co. 
Richmond,  Calif. 

Westside  Products  Co. 
Newman,  Calif. 


Ortho  Basic  Lead  Arsenate 

Mpta  Agricultural  Bait 

Ant-B-Gon 

Sodite  Arsenical  Poison 

Triox 

Castle  Meta-Pellets 


Atlas  A.  Sodium  Arsenite  Solution 

Red  Top  Arsenate  Dust  50 

Lacco  Mono  Calcium  Arsenate 

Lacco  Sodium  Arsenite  Solution  No.  4 

Niagara  Standard  Lead  Arsenate 

Agricultural  Taps 

Basic  Copper  Arsenate 

Sulfur-lead  Arsenate  Dust  .50-.'iO 
Cal-Meta  Pomace  Snail  Bait 
Calcium  Arsenate  Dust  Mixture 

Sodium  Arsenite  Solution 
Westside  B-S  Bait 


Active  ingredient 

lead  arsenate 
tri-calcium  arsenate 
sodium  arsenate 
arsenic  trioxide 
sodium  arsenite 

tri-calcium  arsenate 


sodium  arsenite 

tri-calciiim  arsenate 

mono  calcium  meta-arsenate 
arsenic  trioxide 

lead  arsenate 


tri-calcium  arsenate 

copper  arsenate 

lead  arsenate 
tri-calcium  arsenate 
tri-calcium  ar.senate 

arsenic  trioxide 
tri-calcium  arsenate 


may  partially  substitute  for  tin;  and  (4)  in  lead-base 
alloys  for  battery  grids,  bearings,  cable  coverings,  and 
M  nodes  used  in  zinc  electrolysis.  The  proportion  of  ar- 
senic used  in  these  alloys  is  normally  less  than  1  percent. 
Three  commercial  sulfides  of  arsenic  are  also  known. 
Arsenic  disulfide  is  used  as  an  orange  pigment,  a  depila- 
tory in  tanning,  and  in  pyrotechnics.  Arsenic  trisulfide 
is  used  as  a  yellow  pigment  (king's  yellow)  and  as  a 
r(>ducing  agent.  Arsenic  penta-sulfide  has  limited  use  in 
pigments  and  in  pyrotechnics.  Minor  arsenic  and  arsen- 
ical compounds  are  also  used  in  pharmaceuticals. 

Trend  and  Outlook.  The  recent  trend  away  from  the 
use  of  arsenical  compounds  in  agriculture  has  greatly 
reduced  the  market  for  white  arsenic.  Calcium  arsenate 
is  being  rapidly  replaced  by  a  DDT-benzine  hexachloride 
(lust  in  the  control  of  the  cotton  boll  weevil,  and  sodium 
arsenate  is  being  replaced  by  2,4-D  as  a  herbicide.  Lead 
ar.senate  is  still  favored  by  many  for  orchard  use  against 
the  codling  moth  because  DDT  also  destroys  many 
useful  insects.  The  demand  for  arsenical  compounds  can- 
not be  predicted  because  weather  conditions  directly 
control  the  insect  population.  Arsenicals  will  continue 
to  play  an  important  role  as  a  pesticide;  however,  the 
ilemand  may  be  cyclical.  Some  insects  develop  an  im- 
munity to  certain  poisons  over  a  period  of  years,  there- 
fore it  may  be  necessary  to  rotate  regularly  the  type  of 
poison  used.  The  use  of  sodium  arsenite  solution  in  the 
chemical  debarking  of  trees  by  the  pulpwood  industry 
may  develop  into  an  important  new  outlet  for  arsenic 
•lahn,  1953).  Sodium  arsenite  has  also  been  used  with 
liood  results  in  controlling  aquatic  plants  in  swamps, 
ponds,  and  lakes,  and  there  is  a  large  potential  market 
ill  this  field. 
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ASBESTOS 

By  Salem  J.  Rice 


Asbestos  is  one  of  the  few  industrial  mineral  commodi- 
ties in  which  the  United  States  is  critically  deficient. 
Althougrh  certain  p:rades  of  asbestos  are  indispensable  to 
(iiir  transportation  and  construction  industries,  and  all 
urades  occupy  an  important  place  in  our  normal  indus- 
trial economj^,  only  about  seven  percent  of  our  require- 
ments are  supplied  from  domestic  sources.  Most  of  the 
remainino:  93  percent  is  obtained  from  Canada. 

California  contains  abundant  serpentine,  the  principal 
liost  rock  of  asbestos  deposits,  and  asbestos  has  been 
Found  in  numerous  places  in  the  state.  However,  known 
deposits  of  potential  commercial  interest  are  rare  and  the 
production  of  asbestos  in  the  state  has  been  small  and 
sporadic.  Between  1887  and  1955,  approximately  5,700 
tons  of  asbestos,  valued  at  an  estimated  $218,090,  had 
l)pen  produced  in  the  state. 

MINERALOGY  AND  GEOLOGIC  OCCURRENCE 

Asbestos  is  a  commercial  term  applied  to  several  natu- 
rally fibrous  minerals  that  are  vitilized  primarily  because 
i)f  their  fibrous  characteristics.  These  minerals  include 
rlirysotile,  croeidolite,  amosite,  anthophyllite,  tremolite, 
and  actinolite.  As  these  minerals  differ  in  chemical  and 
physical  properties,  and  have  different  modes  of  occur- 
I'cnce,  they  will  be  discussed  separately. 

Chrysotile  Asbestos.  Chrysotile  (H4Mg3Si20B),  some- 
times called  serpentine  asbestos,  comprises  about  95  per- 
cent of  the  world's  asbestos  production.  Chrysotile  fibers 
of  good  quality  are  silky,  highly  flexible,  and  have  a 
tensile  strength  somewhat  greater  than  that  of  silk.  Thus 
they  can  be  readilj'  separated  and  spun  into  thread  that 
is  sufficiently  strong  to  be  woven.  In  the  vein,  chrysotile 
appears  pale  green  to  greenish  yellow,  but  when  sepa- 
rated the  fibers  form  a  white,  fluffy  mass.  Chrysotile  oc- 
curs most  commonly  as  cross  fiber  veins,  ranging  in  width 
from  microscopic  dimensions  to  more  than  6  inches,  in 
which  the  fibers  lie  approximately  perpendicular  to  the 
walls.  The  vein  widths,  however,  are  not  everywhere 
indicative  of  the  maximum  lengths  of  fiber  that  they  con- 
tain, for  most  of  the  wider  veins  have  a  central  fissure  or 
break  along  which  the  fibers  separate. 
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Figure  1.     Composite  vein  showing  silky  cross-fiber  chrysotile 
above  and  dull  splintery  picrolite  below. 


Figure  2.     Typical  appearance  o£  stockwork  veins  of  cross-fiber 
chrysotile  asbestos  in  massive  serpentine. 

The  only  mineral  likely  to  be  mistaken  for  chrysotile  is 
picrolite,  a  splintery  vein  material.  The  two  are  similar 
in  composition  and  appearance,  and  commonly  occur 
together  in  composite  veins  (fig.  1).  However,  picrolite 
does  not  yield  flexible  fibers  and  has  no  commercial  value. 

Chrysotile  occurs  only  in  serpentine,  a  fine-grained 
rock  composed  almost  entirely  of  hydrous  magnesium 
silicate  minerals  that  are  similar  to  chrysotile  in  chemical 
composition  (N'agy  and  Faust,  1956).  Serpentine  is  a 
secondary  rock,  derived  by  alteration  of  other  mag- 
nesium-rich rocks.  Almost  all  of  the  valuable  deposits  of 
chrysotile  occur  in  massive  serpentine  derived  by  the 
alteration  of  peridotite,  an  intrusive  igneous  rock  com- 
posed largely  of  olivine  and  pyroxenes.  Many  peridotite 
masses  are  entirely  altered  to  serpentine,  and  all  but  a 
very  small  percentage  of  them  are  at  least  partially  ser- 
pentinized.  Cracks  formed  bj-  differential  expansion  of 
the  rock  during  serpentinization  commonly  were  filled 
with  chrvsotile.  The  resulting  veins  ordinarilv  are  less 
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than  one-sixteenth  of  an  inch  wide  and  rarely  are  more 
than  one  inch  wide. 

Individual  chrysotile  veins  seldom  are  continuous  for 
more  than  a  few  feet,  but  they  pinch  out,  branch,  or  join 
other  veins.  Many  thin  veinlets  are  less  than  an  inch  lonpf. 
In  most  deposits  the  veins  form  a  somewhat  rectilinear 
stockwork  that  encloses  blocks  of  barren  serpentine  (fig. 
2).  This  is  true  of  most  of  the  productive  chrysotile  de- 
posits. A  rare  type  contains  "ribbon  veins"  which  are 
closely  spaced  and  sub-parallel,  and  are  separated  only 
by  thin  plates  of  serpentine.  Ribbon  veins  normally  oc- 
cupy narrow  zones  from  a  few  inches  to  a  few  feet  wide, 
but  some  are  extensive  and  constitute  rich  asbestos  ore 
bodies. 

Some  chrysotile  veins,  which  lie  along  faults  or  minor 
slip  planes  between  blocks  of  massive  serpentine,  contain 
fibers  that  lie  approximately  parallel  to  the  fissure,  and 
are  called  slip  fiber  veins.  Although  slip  fiber  chrysotile 
is  longer  than  most  cross  fiber,  normally  it  is  weaker  and 
more  harsh.  In  most  places  slip  fiber  is  of  little  com- 
mercial value,  but  in  a  few  mines  it  constitutes  a  sub- 
stantial proportion  of  the  asbestos  produced  (Bowles, 
1955). 

Chrysotile  veins  can  be  found  in  all  masses  of  serpen- 
tinized  peridotite,  but  rarely  are  they  sufficiently  abun- 
dant to  constitute  asbestos  ore  bodies.  About  70  percent 
of  the  world  production  of  chrysotile  comes  from  a  rela- 
tively small  district  in  the  province  of  Quebec,  Canada, 
where  a  northeast-trending  belt  of  serpentinized  perido- 
tite contains  many  rich  asbestos  deposits.  The  discovery 
of  these  deposits  in  1877  laid  the  foundation  of  the  mod- 
ern asbestos  industry.  Substantial  amounts  of  chrj^sotile 
also  are  produced  from  similar  deposits  in  Southern 
Rhodesia,  Transvaal,  and  Swaziland  (Straw,  1955). 

The  asbestos  deposits  in  Quebec  are  large,  and  com- 
monly irregular  in  shape.  The  Thetford  ore  body  is  pear 
shaped  in  plan,  and  is  about  2200  feet  long  and  1300 
feet  in  maximum  width.  Asbestos  is  now  being  mined 
deeper  than  1000  feet  below  the  surface  and  the  maxi- 
mum depth  of  the  body  is  unknown  (Sherman,  1950). 
Three  companies  have  mines  in  this  deposit,  and  in  1955 
were  producing  a  total  of  about  8600  tons  of  ore  per 
day.  The  Megantic  ore  body  at  Black  Lake  is  hook- 
shaped  in  plan,  and  is  approximately  4000  feet  long, 
700  feet  wide,  and  300  feet  deep  (Mining  World,  1955). 
The  main  ore  body  at  Asbestos,  Quebec,  is  cylindrical 
and  plunges  steeply  to  the  southwest.  It  is  about  2700 
feet  in  maximum  horizontal  dimensions  and  extends  to 
a  depth  greater  than  1000  feet  (Briggs,  1955).  This  is 
the  largest  known  asbestos  deposit  in  the  world. 

Most  of  the  ore  bodies  in  Quebec  contain  5  to  7  percent 
fiber,  although  at  some  deposits  rock  that  contains  as 
little  as  li  or  2  percent  fiber  is  worked  (Messel,  1947). 
The  veins  are  irregularly  distributed  within  the  deposits, 
so  that  normally  about  20  percent  or  more  of  the  rock 
mined  is  barren  and  discarded  as  waste.  Consequently, 
the  mill  feed  at  most  of  the  mines  contains  7|  to  8 
percent  fiber.  More  than  99  percent  of  all  the  veins 
are  less  than  three-eighths  of  an  inch  wide,  and  veins 
wider  than  1|  inches  are  rare  (Cooke,  1937,  p.  91). 

In  general,  the  potential  commercial  value  of  a  chry- 
sotile deposit  in  massive  serpentine  is  determined  by  bal- 
ancing a  number  of  factors,  principally  the  fiber  content 
of  the  rock,  proportions  of  the  various  fiber  lengths, 


and  volume  of  fiber-bearing  rock.  The  fiber  content  of 
the  rock,  which  depends  upon  both  the  width  and  spac- 
ing of  the  veins,  seldom  exceeds  5  percent.  The  bulk 
of  the  fiber  in  most  of  the  world's  deposits  is  less  than 
a  quarter  of  an  inch  long,  and  is  therefore  of  relatively 
low  value.  Further,  the  clean  extraction  of  the  fiber 
from  the  serpentine  is  a  highly  complicated  process, 
involving  a  costly  milling  procedure.  Thvis  a  deposit 
generally  must  be  sufficiently  extensive  to  sustain  a 
large-tonnage,  low-cost  mining  operation  over  a  period 
of  at  least  10  to  20  years  in  order  to  yield  a  profit. 
Ordinarily  exploration  by  diamond  drilling  is  necessary 
in  order  to  establish  the  required  tonnage  (Messel, 
1947;  Foster  and  Borror,  1947).  Local  concentrations 
of  long  fiber  veins  that  can  be  freed  from  the  country 
rock  by  hand  cobbing  support  a  few  small  mining  opera- 
tions, but  these  yield  only  an  extremely  small  percent- 
age of  the  total  chrysotile  asbestos  produced. 

Aside  from  its  principal  occurrence  as  a  massive  al- 
teration product  of  peridotite,  serpentine  also  occurs 
locally  as  thin  alteration  zones  in  dolomite  or  dolomitic 
limestone  along  contacts  with  intrusive  basic  igneous 
rocks.  These  serpentine  zones  range  in  thickness  from 
a  few  inches  to  about  5  feet.  In  places  chrysotile  of 
excellent  quality  is  found  in  this  environment,  one  or 
more  veins  occurring  approximately  parallel  to  the  in- 
trusive contact.  Because  of  the  narrow  width  of  the 
productive  zones  and  the  high  costs  of  mining  them, 
deposits  of  this  type  are  of  value  only  where  long  fiber 
chrysotile  is  found.  Almost  the  entire  U.  S.  production 
of  long  fiber  chrysotile  comes  from  such  deposits  in 
Arizona  (Stewart,  1955). 

Chrysotile  is  one  of  the  strategic  minerals  for  which 
exploration  loans  may  be  obtained  from  the  U.  S.  De- 
fense Minerals  Exploration  Administration.  As  the  crit- 
ical shortage  is  in  the  textile  grades,  only  those  prospects 
are  eligible  which  show  promise  of  yielding  spinning 
fiber.  After  an  asbestos  prospect  has  been  approved  for 
such  a  loan  the  Government  will  pay  75  percent  of  the 
cost  of  exploration.  Through  1955,  a  total  of  five  explora- 
tion loans  had  been  approved  for  California  chrysotile 
deposits.  The  amphibole  varieties  of  asbestos  are  not 
eligible  for  these  loans. 

Amphibole  Asbestos.  All  varieties  of  asbestos  other 
than  chrysotile  are  members  of  the  amphibole  group  of 
minerals,  and  are  collectively  called  amphibole  asbestos. 
The  amphiboles  are  an  exceedingly  common  group  of 
rock-forming  minerals  characterized  by  perfect  pris- 
matic cleavage  with  angles  of  56°  and  124°  between  the 
cleavage  planes.  Included  in  the  group  are  several  iso- 
morphous  series  of  complex  silicate  minerals.  Only  a  few 
of  these  minerals,  principally  those  that  are  aluminum- 
poor,  occur  in  asbestiform  masses. 

Tremolite  (CaoMg5Si8022(OH)2),  the  most  common 
variety  of  amphibole  asbestos,  has  coarser  and  much 
weaker  fibers  than  those  of  chrysotile.  A  bundle  of  tre- 
molite fibers  the  diameter  of  a  match  stick  can  easily 
be  broken  between  the  fingers,  whereas  a  similar  bundle 
of  chrysotile  fibers  cannot  be  broken  without  consider- 
able flexing.  Tremolite  asbestos  occurs  most  commonly 
as  slip  fiber  veins  in  fault  zones.  The  fibers  are  white  to 
greenish  white  and  are  as  much  as  a  foot  or  more  in 
length  (fig.  3).  It  is  found  in  a  variety  of  host  rocks, 
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Figure  3.     Slip-fiber  tremolite  asbestos. 

both  igneous  and  metamorphic,  although  most  of  the 
commercial  deposits  are  in  serpentine.  Ordinarily  the 
■  Icposit  consists  of  a  single  steeply  dipping  vein  from 
which  the  fiber  of  good  quality  is  hand  sorted  for  sale 
without  milling.  Although  most  of  the  veins  are  a  few 
inches  wide  and  less  than  100  feet  long,  some  contain 
packets  up  to  several  feet  in  width.  They  are  seldom 
mined  to  depths  greater  than  25  or  50  feet  because  of 
the  high  mining  costs  and  the  relatively  low  value  of 
tlie  fiber.  Tremolite  asbestos  accounts  for  less  than  one 
(|iiarter  of  one  percent  of  the  total  asbestos  production. 
'Phe  principal  sources  are  Italy,  Portugal,  and  the 
rnited  States. 

Actinolite  is  similar  to  tremolite,  containing  iron  in 
substitution  for  some  of  the  magnesium  in  the  composi- 
tion. Actinolite  asbestos  is  green,  with  fibers  that  are 
very  harsh,  weak,  and  somewhat  brittle.  It  is  similar  to 
tremolite  in  occurrence,  and  is  of  little  commercial 
significance. 

Crocidolite  (NaaFeioSii6046(OH)2),  a  blue  amphibole 
asbestos  of  considerable  commercial  importance,  is  the 
fibrous  form  of  the  mineral  riebeekite.  Its  fibers  are 
Hexible  and  stronger  than  those  of  chrysotile,  although 
somewhat  harsher.  Crocidolite  occurs  as  cross  fiber  veins 
ill  metamorphosed  thin-bedded  sedimentary  rocks  that 


are  rich  in  silica  and  iron  (du  Toit,  1945).  Tlie  veins  are 
parallel  to  the  original  bedding  of  the  rocks,  and  are 
commonly  several  inches  wide.  However,  they  are  not 
closely  spaced  in  the  rock,  but  normally  occur  only  in 
two  or  three  narrow  zones  so  widely  separated  as  to 
make  large-scale  mining  impractical.  Tlie  principal 
source  of  crocidolite  is  the  TTnion  of  South  Africa,  but 
lesser  amounts  are  produced  in  Australia  and  Bolivia. 

Amosite  ((Fe,  Mg)7Si,s022 (011)2)  is  a  yellowish-gray 
to  white  variety  of  asbestos  found  only  in  Transvaal, 
South  Africa.  It  occurs  in  isolated  cross  fiber  veins  in 
the  same  host  rocks  as  crocidolite  asbestos.  The  fibers  of 
amosite  are  unusually  long,  up  to  10  or  11  inches,  but  are 
harsher  and  ordinarily  slightly  weaker  than  those  of 
chrysotile.  Montasite  is  a  local  name  used  at  some  of  the 
mines  in  South  Africa  to  designate  amosite  of  superior 
quality. 

Anthophyllite  asbestos  (Mg7Si8022(OH)2)  most  com- 
monly occurs  in  relatively  pure  masses.  The  fibers  have 
no  preferred  orientation,  but  are  arranged  in  bundles 
of  varying  sizes  which  are  oriented  in  all  directions  with 
respect  to  each  other.  Unweathered  anthophyllite  is 
greenish  gray  to  gray,  and  yields  brittle  fibers  when 
crushed.  However,  when  deeply  weathered  it  yields 
brownish-white  fibers  that  are  short,  weak,  and  slightly 
flexible.  Deposits  of  this  type  of  asbestos  are  of  commer- 
cial value  only  when  they  are  sufficiently  large  and  pure 
to  be  mined  and  milled  cheaply.  The  principal  sources 
of  anthophyllite  asbestos  are  Georgia  and  North  Caro- 
lina, where  large  deposits  were  formed  through  meta- 
morphism  of  peridotite.  The  deposits  in  Georgia  are  pod- 
shaped  masses  up  to  about  200  feet  long  and  50  feet 
wide  and  consist  of  90  to  95  percent  anthophyllite.  Al- 
though the  fibers  average  about  half  an  inch  in  length, 
their  lack  of  flexibility  causes  them  to  be  reduced  in  mill- 
ing to  an  average  length  of  about  one-tenth  of  an  inch 
(Hopkins,  1914).  An  unusual  soda-rich  anthophyllite, 
with  fibers  nearly  as  strong  and  flexible  as  those  of 
chrysotile,  has  been  found  in  small  amounts  in  California 
(Laudermilk  and  Woodford,  1930). 

LOCALITIES  IN   CALIFORNIA 

Although  asbestos  has  been  found  in  nearly  all  of  the 
counties  of  California,  production  has  been  small  and 


Table  1.     Ashestos  production  in  California,  1887-li)5o. 


Year 

Short  tons 

Value 

Year 

Short  tons 

Value 

Year 

Short  tons 

Value 

30 
30 
30 
71 
66 
30 
50 
50 
25 
10 
30 
SO 

110 
10 

112 
70 
70 
70 
65 

$1,800 
1,800 
1.800 
4,260 
3,960 
1,830 
2.500 
2.250 
1,000 
200 
750 
1,250 
4,400 
162 
2,625 
3,500 
3,500 
6,100 
6,500 

1910  -.   -  

200 

125 

90 

47 

51 

143 

145 

136 

229 

131 

410 
50 
20 
70 
25 

13 

S20.000 
500 
2.700 
1,175 
1,530 
2,860 
2,380 
10,225 
9,903 
6,240 

19.275 

1.800 

200 

4,750 

1,650 

1,160 

19291 

219 

309 

16 

4 

723 

37 

165 

224 

1,205 
erill  et  al..  1948, 

f6,175 

1888 

1911 

1930/ 
19321 
19331- 

1889 

1912 

1890 

1913 

3.274 

1891 

1892 

1914 

1934J 

1941 

1915 

2,867 

1893 

1916 

1942 

836 

1917     -  ..  -- 

19431 

15.000 

1895 

1918 

19441 

19451 

19191 

3,605 

1899 

1920/ 

1921 

1946/ 
i  19471 
1950y 

1900 

1922       .-  - 

12,100 

1904 

1923 

1951) 

19531 

1924        -J- 

16,779 

1906 

1925\ 

1954/ 

1955 

1926/ 

1927\ 

21,401 

1908 

JModified  after  .\v 

p.  60. 

1909 

1928/ 

NOTE:  Where  necessary  in  order  to  conceal  output  of  individual  producers,  production  figures  are  combined  to  cover  a  2-  or  3-year  period.  During  years  omitted  there  was  no  recorded 
production. 
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limited  to  15  counties.  Table  1  shows  the  amount  and 
value  of  all  varieties  of  asbestos  produced  in  California 
during  the  period  1887-1955.  Most  of  this  output  has 
eonsisted  of  tremolite.  The  principal  asbestos  deposits  of 
California  are  shown  on  the  map,  figure  4. 

Chrysotile  Asbestos.  Serpentine,  the  host  rock  of 
ehrysotile  deposits,  is  both  abundant  and  widely  distrib- 
uted in  California.  Figure  4  shows  the  distribution  of 
massive  serpentine  derived  from  peridotite.  In  the 
southern  part  of  the  state  many  small  bodies  of  serpen- 
tine have  been  derived  by  contact  metamorphism  of 
dolomite,  but  these  are  not  shown  on  the  map.  Although 
ehrysotile  veins  probably  can  be  found  in  all  of  the 
serpentine  masses  in  California,  only  about  20  deposits 
of  potential  commercial  interest  have  been  reported. 
Eight  of  these  have  been  productive,  but  their  outputs 
have  ranged  only  from  a  few  tons  to  a  few  hundred  tons 
of  fiber,  and  almost  all  of  this  was  mined  during  the 
decade  following  World  War  I  when  asbestos  prices 
were  high. 

Probably  the  first  serious  attempt  to  develop  a  chryso- 
tile deposit  in  California  was  made  at  the  Voorhees  mine, 
about  7  miles  southeast  of  Copperopolis,  Calaveras 
County.  Attempts  to  develop  this  deposit  were  made  as 
early  as  1904  and  continued  intermittently  through  1927, 
but  "the  total  production  was  small.  In  1954,  the  property 
was  purchased  by  the  American  Asbestos  Mining  Cor- 
poration. 

The  chrysotile  at  the  Voorhees  deposit  is  of  good 
quality  and  occurs  as  stockwork  cross  fiber  veins  in 
massive  pale  green  serpentine.  Most  of  the  fibers  are 
between  -^  and  i  inch  long,  but  a  small  percentage  are 
up  to  about  !  inch  in  length.  The  ore  body  is  approxi- 
mately 1700  feet  long  and  ranges  from  300  to  about  600 
feet  in  width.  Drill-core  data  have  indicated  that  it  con- 
tains an  overall  average  of  about  3i  percent  fiber  to  a 
depth  of  at  least  200  feet,  but  the  fiber  content  is  not 
uniform.  In  1955,  a  composite  sample  of  about  30  tons 
was  systematically  taken  from  four  of  the  old  workings 
and  shipped  to  an  asbestos  mill  for  testing.  It  is  reported 
to  have  yielded  5.24  percent  fiber,  about  6  percent  of 
which  was  spinning  fiber.* 

The  Sierra  chrysotile  deposit  near  Washington,  Ne- 
vada County,  was  worked  briefly  following  World  War  I 
(MacBoyle,  1919),  and  yielded  a  few  hundred  tons  of 
fiber.  This  deposit  consists  of  stockwork  veins  of  cross 
fiber  chrysotile  in  dark  green  serpentine.  Most  of  the 
veins  are  3^2  to  i  inch  wide,  but  a  small  percentage 
range  up  to  an  inch  in  width.  The  asbestos-bearing  zone, 
which  lies  near  the  western  margin  of  a  wide  north- 
trending  serpentine  mass,  is  approximately  1000  feet 
long  and  up  to  about  300  feet  wide,  and  is  exposed  over 
a  vertical  range  of  about  500  feet  on  the  canyon  wall. 
I  Its  fiber  content  ranges  from  less  than  2  percent  to  about 
6  percent,  and  it  contains  masses  of  barren  serpentine. 
Mining  operations  began  at  this  deposit  in  1918,  but 
were  terminated  in  1921  because  of  litigation.  By  1952, 
I  the  title  to  the  property  had  been  cleared,  and  in  that 
year  the  deposit  was  explored  by  means  of  a  core  drilling 
program  partially  financed  by  a  Government  D.M.E.A. 
loan. 


Several  promising  chrysotile  prospects  have  been 
found  in  the  large  irregular  serpentine  mass  at  the 
junction  of  Trinity,  Shasta,  and  Siskiyou  Counties 
(Brown,  1916),  but  production  from  this  area  has  been 
insignificant.  Near  Weed,  Siskiyou  County,  the  Shasta 
View  prospect  yielded  a  small  amount  of  asbestos  in 
1921,  but  has  since  been  idle  (Averill,  1935,  p.  265).  At 
the  Ratero  prospect,  on  the  north  flank  of  Mt.  Eddy, 
recent  trenching  has  disclosed  a  rich  narrow  zone  of  rib- 
bon fiber  chrysotile  veins.  A  relatively  high  percentage 
of  the  veins  are  between  ^  and  1  inch  in  width,  but  the 
fiber  is  slightly  harsh  and  most  veins  contain  one  or 
more  central  partings  which  reduce  the  apparent  fiber 
length.  Work  done  by  1955  had  not  been  sufficient  to 
indicate  an  ore  body  of  commercial  size. 

In  Shasta  County  the  Asbestos  Empress  prospect,  near 
Highland  Lakes,  consists  of  stockwork  veins  of  cross  fiber 
chrysotile  in  massive  serpentine.  A  relatively  high  per- 
centage of  the  veins  are  i  to  f  inch  wide,  and  some  are 
more  than  i  inch.  The  fiber  is  rather  harsh,  but  strong. 
This  deposit  has  been  prospected  by  trenches,  and  in 
1950  was  core-drilled  by  Johns-Manville  Company,  but 
no  production  activity  has  resulted  from  this  explora- 
tion. 

Several  chrysotile  prospects  have  been  found  in  Lake 
County,  the  most  noteworthy  being  the  Copsey  and  Jones 
prospect  near  Howard  Springs  (Brice  and  Goodwin, 
1953).  In  1928,  Johns  Manville  Co.  prospected  the 
sheared  serpentine  at  this  locality  and  produced  several 
tons  of  asbestos  by  hand  cobbing  cross  fiber  vein  ma- 
terial from  the  wallrock.  The  chrysotile  is  of  excellent 
quality  and  a  relatively  high  percentage  of  the  fiber  is 
more  than  |  inch  long  (fig.  5).  However,  the  work  done 
in  1928  did  not  reveal  an  ore  body  of  commercial  size 
and  the  deposit  has  been  idle  since  that  time. 

A  chrysotile  deposit  in  Steel  Canyon,  near  Monticello, 
Napa  County,  was  mined  during  World  War  II  (Davis, 
1948).  Most  of  the  cross  fiber  chrysotile  veins  at  this 
locality  are  less  than  |  inch  wide,  and  occur  in  sheared 


•  Drill  core  and  sampling  data  kindly  furnished  by  Mr.  Lewis  Cowan 
Merrill,  American  Asbestos  Mining  Corp. 


Figure  .">.     Long-filier  chrysotile  from  Lake  County,  California. 
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serpentine.  The  rock  was  milled  to  produce  a  single 
short-fiber  product,  which  was  marketed  for  use  in  plas- 
ter and  stucco  for  fireproofingr  war-plant  buildings. 

A  small  chrysotile  deposit  near  Hernandez,  San  Be- 
nito Countj',  was  mined  during  1925-26  (Laizure,  1926). 
The  ore  body,  which  consisted  of  stockwork  veins  of 
cross  fiber  asbestos  near  the  western  margin  of  a  large 
mass  of  serpentine,  was  largely  worked  out  by  open  cut. 

A  chrysotile  deposit  was  recent!}-  found  in  a  narrow 
zone  of  serpentinized  dolomite  near  Goldbelt  Springs 
in  the  Panamint  Mountains,  Inyo  County.  The  dolomite 
was  altered  adjacent  to  its  contact  with  an  intrusive 
mass  of  quartz  monzonite,  and  the  serpentinized  zone  is 
1  to  about  4  feet  wide.  Chrysotile  occurs  as  cross  fiber 
veins  which  are  approximately  parallel  the  intrusive 
contact.  In  most  places  many  closely  spaced  veins  occupy 
a  fiber  zone  which  is  5  to  about  20  inches  wide.  The 
fiber  ranges  from  1/16  to  about  2  inches  in  length,  and 
approximately  25  percent  is  longer  than  ^  inch.  This 
prospect  has  been  partially  explored  with  the  aid  of  a 
D.M.E.A.  loan. 

Other  chrysotile  deposits  of  potential  commercial  in- 
terest are  located  near  Rawhide,  Tuolumne  County;  on 
the  Travis  Ranch,  southern  Trinity  County ;  and  west  of 
Bryson,  Monterey  County.  All  of  these  deposits  are  con- 
centrations of  cross  fiber  chrysotile  veins  in  serpentinized 
peridotite,  and  all  have  been  partially  explored  in  recent 
years. 

Amphibole  Asbestos.  Tremolite  is  the  principal  type 
of  amphibole  asbestos  mined  in  California.  Small 
amounts  of  anthophyllite  also  have  been  produced,  and 
actinolite  probably  has  accounted  for  some  of  the  output. 

Commercial  deposits  of  tremolite  are  small,  ordinarily 
consisting  of  single,  narrow,  slip  fiber  veins  in  serpentine 
or  other  metamorphic  rocks.  The  quality  of  the  fiber 
characteristically  varies  from  place  to  place  in  the  vein. 
Only  a  small  percentage  of  the  asbestos  is  marketable, 
and  this  must  be  hand-picked.  As  a  result  of  the  limited 
market  for  tremolite  and  the  expense  of  handling  much 
waste  rock,  these  veins  are  seldom  mined  to  depths  of 
more  than  about  25  feet. 

Tremolite  asbestos  has  been  found  in  most  of  the 
counties  of  the  Sierra  Nevada  and  Klamath  Mountains, 
where  it  occurs  as  slip  fiber  veins  in  fault  zones  in  ser- 
pentine. Such  veins  are  ordinarly  no  more  than  a  few 
inches  wide,  but  some  of  them  contain  lenticular  pockets 
of  fiber  several  feet  wide.  F'or  example,  a  vein  at  the  Syl- 
vester mine  in  Shasta  County  ranges  in  width  from  a  few 
inches  to  about  30  inches  over  the  110  feet  that  it  has 
been  followed  in  mining.  The  best  quality  asbestos, 
which  lies  in  the  center  of  the  vein,  is  white  and  finely 
fibrous,  but  has  a  very  low  tensile  strength.  A  maximum 
of  6  inches  of  hard  greenish  asbestos,  called  bone  rock, 
occurs  on  each  wall  of  the  vein  (O'Brien,  1948).  This 
mine  has  yielded  about  60  tons  of  tremolite  asbestos. 
A  tremolite  deposit  at  the  nearby  Loma  Blanca  mine  is 
a  lens  15  feet  or  more  wide  and  at  least  50  feet  long. 
Both  of  these  veins  are  enclosed  in  serpentine. 

Small  production  has  been  obtained  from  several  trem- 
olite asbestos  veins  in  Placer  County,  principally  in  the 
vicinity  of  Iowa  Hill.  Most  of  the  veins  are  at  the  con- 
tact between  serpentine  and  metasedimentary  rocks,  and 
range  from  a  few  inches  to  several  feet  in  width.  The 
white  slip  fiber  is  ordinarily  hard  and  somewhat  brittle 


when  mined,  but  when  allowed  to  weather  at  the  surface 
for  a  year  or  two  it  becomes  silky  and  flexible.  The 
weathered  fibers  are  of  excellent  quality  and  are  aboirt 
a  foot  in  maximum  length.  This  asbestos  has  been  mar- 
keted principally  for  use  as  acid  filters. 

Near  Keeler,  Inyo  County,  slip  fiber  tremolite  of  excel- 
lent quality  has  been  produced  from  a  fault  zone  that 
traverses  limestone  and  dolomite.  Much  of  the  fiber  in 
this  vein  is  intergrown  with  calcite,  and  is  not  of  co% 
mercial  value.  l 

At  Pinyon  Plat,  Riverside  County,  a  fault  zone  in 
hornblende  schist  contains  slip  fiber  tremolite  in  veins  up 
to  about  2  feet  wide.  About  a  thousand  tons  of  fiber  is 
reported  to  have  been  produced  from  Pinyon  Plat,  prin- 
cipally for  use  in  the  manufacture  of  battery  boxes 
(Tucker  and  Sampson,   1945). 

An  unusual  type  of  anthophyllite  asbestos,  with  fibei^ 
about  as  strong  as  those  of  chrysotile,  has  been  mined  at 
two  localities  in  California.  At  one  of  these  localities, 
near  the  mouth  of  Coffee  Creek  in  Trinity  County,  soda? 
rich  anthophyllite  occurs  as  cross  fiber  veins  in  serpen* 
tine  and  is  similar  both  in  appearance  and  tensilf 
strength  to  chrysotile.  The  fibers  are  as  much  as  2  inchei 
in  length  (Laudermilk  and  Woodford,  1930).  About  10 
tons  of  crude  fiber,  vein  material  hand  cobbed  free  o; 
wall  rock,  was  produced  from  this  deposit  in  1930  (AvJ 
erill,  1931).  At  the  Morgan  mine,  near  Towle,  Placer 
County,  a  narrow  slip  fiber  vein  of  soda-rich  anthophyl- 
lite occurs  in  a  fault  zone  in  serpentine.  The  fiber  is 
gray -green  and  has  a  high  tensile  strength.  About  5  tons 
of  this  fiber  was  mined  during  World  War  I,  but  the 
property  has  been  idle  since  then.  No  deposits  of  th6 
more  typical  mass  fiber  anthophyllite  have  been  reported 
in  California. 

Crocidolite  occurs  at  a  number  of  places  in  the  Coast 
Ranges  as  veinlets  and  bunches  in  iron-rich  metachert, 
but  no  deposits  have  been  found  that  contain  fibersf 
sufficiently  flexible  to  be  of  value  as  asbestos.  Amosite  if 
not  known  to  occur  in  California. 

MINING   METHODS,  TREATMENT,  AND  GRADING 

Because  asbestos  deposits  differ  widely  in  character 
from  place  to  place,  a  great  variety  of  methods  has  been 
used  in  mining  them.  Most  of  the  chrysotile  deposits  that 
occur  in  massive  serpentine  must  be  mined  cheaply  be- 
cause of  the  low  grade  of  such  deposits  and  the  high 
milling  costs.  Thus  in  the  initial  stages  of  mining  such 
deposits,  open-pit  methods  are  employed  where  possible, 
and  are  followed  if  necessary  and  practical  by  large- 
scale  underground  methods  such  as  block  caving  (Briggs, 
1955).  Glory-hole,  room-and-pillar,  shrinkage-stoping, 
and  other  methods  also  have  been  used  to  suit  local  com 
ditions. 

Amphibole  asbestos,  which  occurs  mostly  in  narrow 
seams  and  small  pockets,  must  generally  be  mined  by 
trenching  or  in  drifts  and  tunnels  which  follow  erratic 
ore-bodies.  As  this  type  of  operation  is  relatively  expen^ 
sive,  only  the  best  quality  fiber  can  be  mined  if  any 
profit  is  to  be  made.  Mass  fiber  anthophyllite  is  mined  by 
open  pit. 

Chrysotile  offers  difficult  milling  problems  because  of 
the  fibrous  and  flexible  character  of  the  mineral  and 
low  grade  of  the  mined  rock  (Sinclair,  1952).  Ordinary 
treatment  methods  are  not  applicable  because  the  fiber 
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Figure  6.     Typical  flow  sheet  of  a  Canadian  asbestos  mill. 
(After  Bowles,  J 9 ')'>.) 

lias  essentially  the  same  specific  gravity  and  chemical 
lomposition  as  the  host  rock.  In  addition,  not  only  must 
ilie  fiber  recovery  be  as  large  as  possible,  but  the  more 
\  aluable  long  fibers  must  not  be  broken  or  damaged  in 
the  process.  Milling  generally  consists  of  repetitive 
I'ushing  and  screening,  and  removal  of  the  fiber  after 
'ach  stage,  as  soon  as  it  is  released  from  the  rock,  with 
air  suction  hoods. 

A  typical  mill  flow  sheet  (fig.  6)  would  include  pri- 
mary and  secondary  rock  crushing  to  3-inch  size,  fur- 
nace drying  to  remove  moisture,  and  third-stage  crush- 
ing to  free  the  fiber.  The  third-stage  crushing  product, 
about  i-inch  size,  flows  to  a  shaking  screen.  Gravity  con- 
■•^iitration  occurs  as  the  material  moves  along  the  screen, 
producing  a  layer  of  light-weight  fiber  on  top  of  a  layer 
I  if  heavier  rock,  and  the  fines  and  dust  drop  through 
the  screen.  The  light-weight  fiber  is  removed  through  a 
suction  hood  installed  at  the  end  of  the  screen.  The 
itversize  rock  flows  over  the  end  of  the  screen  and  is 
iiushed  to  i-inch  size  and  rescreened  as  outlined  above. 
The  undersize  is  fed  to  a  fiberizer,  consisting  of  high- 


speed hammers  which  break  the  rock  by  impact,  making 
a  further  separation  of  rock  and  short  fibers.  The  latter 
are  separated  by  another  suction-screening  operation. 
When  free,  the  fiber  is  passed  to  a  two-level  screen  for 
size  classification.  The  shorts  drop  through  both  screens, 
the  medium-length  fiber  is  removed  by  air  suction  from 
the  end  of  the  lower  screen,  and  the  long  fiber  is  similarly 
removed  at  the  end  of  the  top  screen  (Bowles,  1955). 

Since  1950,  a  new  type  air-swept  ball  mill,  designed 
to  process  the  ore  in  a  single  stage,  has  been  installed  in 
several  chrysotile-treatment  plants  in  Canada  (Mining 
World,  1955;Beals,  1955). 

Crocidolite  and  amosite  asbestos  more  than  half  an 
inch  long  are  recovered  largely  by  hand  cobbing.  How- 
ever, at  some  African  deposits  the  ore  with  shorter  fiber 
is  milled  in  a  manner  similar  to  that  iised  for  chrysotile. 

Mass  fiber  anthophyllite  is  simjily  crushed  and  fiber- 
ized.  Tremolite  is  ordinarily  hand  sorted  at  the  mine  and 
shipped  without  treatment. 

Industry-wide  standards  for  grading  asbestos  have 
been  established  only  for  chrysotile.  Consequently,  the 
quoted  prices  for  the  following  grade  specifications 
apply  only  to  chrysotile  asbestos.  To  determine  with 
reasonable  accuracy  the  quality  of  fibre  in  each  grade 
and  thus  be  able  to  modify  grading  methods  accordingly, 
a  standard  testing  machine  is  used.  The  machine  con- 
sists of  a  nest  of  four  wooden  boxes,  measuring  24| 
inches  in  length,  14f  inches  in  width,  and  3^  inches  in 
depth.  The  boxes,  which  are  superimposed  one  above  the 
other,  are  numbered  from  the  top  down  1,  2,  3,  and  4. 
The  bottoms  of  boxes  numbers  1,  2,  and  3  are  made  of 
metallic  screen  of  the  following  specifications:  box  no.  1, 

1  inch  opening ;  box  no.  2,  4  mesh ;  box  no.  3,  10  mesh. 
Box  no.  4  is  a  receptacle  for  the  fines  which  fall  through 
the  three  other  boxes.  The  nest  of  four  boxes  or  trays 
rests  on  a  vibrating  table  to  which  an  eccentric  having 
a  throw  of  gf  inch  gives  a  movement  of  ly^  inches. 

To  make  a  test,  16  ounces  of  chrysotile  asbestos  is  put 
on  the  covered  top  tray.  The  machine  is  run  at  the  rate 
of  300  r.p.m.  at  the  shaft  of  the  eccentric  for  a  period  of 

2  minutes,  giving  the  nest  a  horizontal  shaking  motion. 
At  the  end  of  this  time,  the  asbestos  which  remains  on 
each  tray  is  weighed.  This  gives  the  grades  of  the  asbes- 
tos fiber ;  the  longest  fiber  stays  on  the  top  tray  whereas 
the  shorter  fiber,  according  to  its  length,  remains  on 
screens  2  and  3  or  drops  into  the  pan  or  lowest  tray. 
The  more  retained  on  the  first  screen  and  the  less  fiber 
in  the  pan,  the  higher  the  grade  and  therefore  the 
greater  its  value.  If,  for  example,  a  customer  buys  spin- 
ning fiber  of  the  specification  4-7-4-1,  it  means  that  in  a 
sample  of  16  ounces,  4  ounces  will  remain  on  the  top 
screen,  7  ounces  on  the  second,  4  on  the  third,  and  1 
ounce  will  pass  through  all  screens  to  the  pan.  Material 
of  this  grade  will  sell  for  more  than  a  poorer  grade, 
such  as  paper  stock  testing  0-0-10-6.  This  designation 
indicates  that  in  a  pound  of  asbestos  tested,  none  is 
retained  on  the  first  and  second  screens,  10  ounces  re- 
main on  the  third,  and  6  go  through  to  the  pan. 

Chrysotile  is  marketed  as  either  crude  or  milled  fiber. 
Crude  fiber,  which  commands  a  higher  price  than  the 
milled  product,  is  defined  as  hand-cobbed  vein  material 
essentially  in  its  native  or  unfiberized  form.  Except  for 
the  very  lowest  grades,  which  are  based  on  weight  per 
cubic  foot,  all  milled  grades  are  based  on  the  results  of 
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tests  in  the  standard  testing  machine  previously  de- 
scribed. The  followinp;  is  a  description  of  the  standard 
grades  of  ehrysotile  asbestos  (Ross,  1931,  p.  48). 

Standard 
Class  designation  Description 

of   grade 

Group  #1         Crnde   #1 Basically  crude  f  inch  staple  or 

longer 

Group  #2         Crude    #2 Basically  crude  8  inch  staple  up 

to  }  inch 

Milled  Asbestos 

Group  #3         Spinning  fiber Fiber  testing  0-8-6-2  and  over 

Group  #4         Shingle    fiber Fiber  testing  below  0-8-6-2  to  and 

including  0-lJ-9i-5 

Group  #5         Paper  fiber Fiber  testing  below  0-li-9i-5   to 

and  including  0-0-8-8 

Group  #6         Waste,  stucco 

or  plaster Material  testing  below  0-0-8-8  to 

and  including  0-0-5-11 

Group  #7  Shorts  or  refuse Material  testing  0-0-5-11  and  be- 
low, including  material  testing 
0-0-1-15  and  weighing  35  pounds 
or  less  per  cubic  foot,  loose 
measure 

UTILIZATION 

Most  of  the  important  uses  of  asbestos  are  based  upon 
the  fact  that  it  has  physical  characteristics  similar  to 
those  of  organic  fibers,  yet  it  is  both  noncombustible  and 
noncorrosive.  If  sufficiently  long  to  be  spun,  fibers 
of  ehrysotile  and  crocidolite  are  woven  into  fabrics  that 
find  a  wide  variety  of  applications.  The  largest  use  of 
asbestos  textiles  is  in  the  manufacture  of  friction  mate- 
rials such  as  automobile  clutch  facings  and  brake  linings. 
Asbestos  fabrics  are  also  used  for  manufacturing  such 
items  as  fireproof  clothing,  theater  curtains,  lagging 
cloth,  electrical  insulation  products,  and  conveyor  belts 
for  carrying  hot  materials.  Asbestos  cloth  treated  with 
rubber  is  made  into  special  air-  and  liquid-tight  gaskets. 

The  nonspinning  grades  of  asbestos  are  used  in  the 
manufacture  of  numerous  products  in  which  the  asbestos 
acts  as  a  reinforcing  agent  or  as  a  friction  or  insulation 
material.  One  of  the  most  important  uses  of  short  fiber 
ehrysotile  and  crocidolite  is  in  the  production  of  asbes- 
tos-cement construction  materials.  These  products  are 
composed  principally  of  portland  cement  and  contain 
up  to  30  percent  asbestos  as  a  reinforcing  agent.  They 
include  pipe,  shingles,  wallboard,  corrugated  sheets,  and 
many  other  structural  forms.  The  uses  of  asbestos-cement 
products  have  increased  rapidly  in  recent  years.  This  is 
particularly  true  of  asbestos-cement  pipe,  now  widely 
used  for  sewer,  water,  and  gas  mains,  because  it  resists 
corrosion,  is  nonconductive  and  relatively  shockproof, 
and  compares  favorably  in  strength  with  cast  iron 
(Bowles,  1955,  p.  13).  One  of  the  best  known  heat  insula- 
tion materials  is  composed  of  85  percent  basic  magne- 
sium carbonate  and  15  percent  asbestos. 

The  shorter  grades  of  ehrysotile  are  mixed  with  a 
small  amount  of  binder  and  compressed  into  asbestos 
paper  and  millboard,  which  also  are  important  heat-in- 
sulation materials.  Much  short  fiber  ehrysotile  is  used  in 
the  manufacture  of  molded  brake  bands  and  clutch 
facings,  which  consist  essentially  of  asbestos  fibers 
bonded  with  an  organic  matrix  and  reinforced  with 
wire.  These  are  rapidly  replacing  the  woven  facings.  In 


recent  years  there  has  been  increasing  use  of  the  very 
short  grades  of  ehrysotile,  especially  in  the  manufacture 
of  asphalt  and  plastic  fioor  tiles,  which  may  contain  35 
percent  or  more  of  asbestos. 

The  uses  of  tremolite  and  anthophyllite  asbestos  are 
limited  because  of  low  fiber  strength.  They  are  used 
principally  as  fillers  in  asphaltic,  plastic,  and  rubber 
products  and  for  welding  rod  coatings.  These  varieties, 
along  with  crocidolite,  are  also  used  for  chemical  filters. 
The  amphibole  varieties  are  all  acid  resistant  whereas 
ehrysotile  is  relatively  soluble  in  acids.  Short  fiber  trem- 
olite and  ehrysotile  are  used  in  fire-resistant  paints. 

Amosite  is  of  considerable  value  as  felted  lagging  for 
high  temperature  insulation  and  as  felted,  loosely  com- 
pacted covering  for  marine  turbines,  jet  engines,  and 
for  similar  applications.  It  is  also  used  with  ehrysotile 
in  85  percent  magnesia  block  and  pipe  covering  insula- 
tion. 

In  1954,  the  apparent  total  consumption  of  asbestos 
in  the  United  States  was  724,117  short  tons,  valued  at 
$60,263,411.  Of  this,  47,621  short  tons  valued  at  $4,697,- 
962  were  produced  from  mines  within  the  United  States, 
principally  in  Vermont  and  Arizona.  Most  of  the  re- 
mainder was  imported  from  Canada  (U.  S.  Bureau  of 
Mines,  Mineral  Market  Report  MMS  No.  2480,  Feb., 
1956). 

The  total  value  of  asbestos  products  manufactured  in 
the  United  States  during  1954  was  about  $405,000,000 
as  compared  with  a  total  value  of  about  $267,000,000  in 
1947.  The  approximate  proportional  values  of  the  differ- 
ent types  of  asbestos  products  manufactured  during  1954 
were  as  follows:  asbestos  cement  products,  32  percent; 
floor  tiles,  23  percent;  friction  materials,  19  percent; 
insulation  materials,  12  percent ;  gaskets,  5  percent ;  tex- 
tiles, 4  percent;  packing,  4  percent;  unspecified,  1  per- 
cent. 

MARKETING   PROBLEMS   IN   CALIFORNIA 

Prior  to  the  recent  industrial  boom,  the  market  for 
asbestos  on  the  "West  Coast  was  relatively  limited.  Mo.st 
of  the  plants  for  manufacturing  asbestos  products  Avere, 
and  still  are,  located  in  the  industrial  areas  in  the  eastern 
part  of  the  United  States.  However,  since  World  War  II 
several  new  fabrication  plants  have  been  constructed  in 
California  and  older  ones  have  been  enlarged  so  that 
asbestos  consumption  is  steadily  rising  in  this  area.  Most 
of  the  new  plants  are  branches  of  large  eastern  firms. 

The  principal  asbestos  products  manufactured  in  Cali- 
fornia are  asbestos-cement  construction  materials,  insu- 
lation materials,  and  composition  flooring  and  roofing, 
ehrysotile  is  almost  exclusively  the  variety  of  asbestos 
utilized,  although  a  minor  amount  of  crocidolite  is  used 
in  asbestos-cement  products  and  anthophyllite  is  used  as 
a  filler  in  some  flooring  products.  Recent  consumption  of 
ehrysotile  in  California  has  been  estimated  at  between 
75,000  and  100,000  tons  per  year,  almost  all  of  which  is 
imported  from  Quebec. 

Most  of  the  large  producers  of  raw  ehrysotile  in 
Canada  also  manufacture  finished  asbestos  products  at 
plants  in  the  United  States.  These  firms  usually  are  not 
interested  in  purchasing  raw  fiber,  but  many  of  them 
have  expressed  considerable  interest  in  obtaining  deposits 
in  California. 
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PROPERTIES        OF       ASBESTOS        FIBERS 

Modified    offer    Bodollef    (1951) 

CHRYSOTILE 

TREMOLITE 

ACTINOLITE 

CROCIDOLITE 

AMOSITE 

ANTHOPHYLUTE 

COLOR 

Green,  greenlsfi- 
yellow,  gray, 
or  vi-hite 

White,  grayish- white, 
greenish  -  yellow, 
or    bluish   gray 

Green 

Lovender,   blue, 
or    greenish 

Ash-gray, 
greenish, 
or    brown 

Grayish-  white, 
brownish  -groy, 
or    green 

TEXTURE 

Soft   to 
tiorsti,  silky 

Generolly    harsh, 
some  soft 

Harsh 

Soft    to    horsh 

Coarse,  but 
somewhot  pliable 

Horsh 

MINERAL 
ASSOCIATION 

In    serpentine 

In    serpentine, 
Mg  limestones 
ond  vorious 
metamorphic  rock 

In    serpentine    and 
crystalline   schists 

Iron  -rich  siliceous 

orgillite    in 
quortzose    schists 

In    crystalline 
schists,  etc. 

In    crystalline 

schists, gneisses 

or   meta-serpentine 

VEININ6 

Cross  a  slip   fibers 

Slip    or  mass   fiber, 
rorely    cross    fiber 

Slip  or  mass    fiber 

Cross    fiber 

Cross   fiber 

Moss  or  slip  fiber, 
rarely    cross   fiber 

LENGTH 

Stiort    to    long 

Short    to   long 

Short     to      long 

Short    to    long 

Mostly    long 

Short 

TENSILE 

STRENGTH 

lb./sq.  in. 

80,000  10  100,000 

8,000  or  less 

1,000  or  less 

100,000  to  300,000 

16,000  to  90,000 

4,000  or  less 

FLEXIBILITY 

Very     flexible 

Fairly    flexible 
to  brittle 

Brittle    to 
slightly    flexible 

Flexible 

Flexible 

Mostly     brittle 

SPINNABILITY 

Very    good 

Generally      poor, 
rorely    spinnable 

Poor 

Foir 

Fair 

Very     poor 

FUSIBILITY 

Fusible    of   6 

Fusible    at   4 

Fusible    at  4 

Fusible    ot    3 

Fusible    of    6 

Infusible     or 
difficultly    fusible 

ACID 
RESISTANCE 

Poor 

Good 

Fair 

Good 

Good 

Very    good 

Figure  7. 


Independent  manufacturers  of  asbestos  products  must 
ticpend  upon  surplus  production  from  captive  mines  of 
I  it  her  firms  or  upon  the  relatively  few  non-captive  mines 
lor  a  source  of  raw  asbestos.  Many  of  these  independent 
manufacturers  are  located  in  California,  and  the  large 
I'leight  rate  from  Quebec  should  enable  any  well-orgau- 
ucd  chrysotile  minin"  operation  in  the  state  to  obtain 
liical  markets.  In  January,  1957,  the  freight  rates  on  raw 
asbestos  fiber  from  the  mines  in  Quebec  to  either  Los 
.\iigeles  or  San  Francisco  ranged  between  $32.80  and 
•^•'57.20  per  ton  in  40-ton  carload  lots.  Nevertheless,  the 
miner  attempting  to  establish  markets  for  fiber  from  a 
<  alifornia  chrysotile  deposit  is  faced  with  many  obsta- 
ilcs.  Most  important  of  these  is  the  necessity  of  being 
able  to  guarantee  a  continuous  supply  of  asbestos  meet- 
ing certain  specifications.  Large-scale  fabricators  of  as- 
licstos  products  are  reluctant  to  change  from  a  known 
sdurce  of  supply  to  one  of  uncertain  quality  and  longev- 
ity. Thus  the  miner  must  initially  invest  large  sums  of 


money  in  exploration  and  mill  construction  in  order  to 
supply  bulk  samples  of  the  fiber  for  examination  and 
testing. 

Late  in  1956  the  price  quotations  for  the  various 
grades  of  chrysotile  produced  in  Quebec,  per  ton  f.o.b. 
mine,  were  as  follows : 

Group  #1  (Crude  #1) $1,400  to  $1,725 

Group   #2  (Crude  #2)   

Group   #3  (Spinning  fiber)    

Group   #4  (Shingle   fiber)    

Group   #")  (Paper  fiber)   

Group   #6  (Waste,  stucco,  or  plaster) 

Group  #7  (Shorts  or  refu.se) 


-m 

to 

1,100 

;!.tO 

to 

57") 

170 

to 

225 

110 

to 

140 

82 

38  to 


The  market  for  tremolite  asbestos  is  very  small,  and 
generally  only  the  best  quality  hand-picked  fiber  is 
marketable.  As  there  are  no  standard  specifications  or 
quotations  for  tremolite,  the  price  is  determined  entirely 
by  negotiation  between  miner  and  purchaser.  Since  1950, 
tremolite  sales  have  been  reported  ranging  from  $50  per 
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ton  to  about  $600  per  ton,  depending  upon  quality  and 
ultimate  use  of  the  fiber.  Firms  purchasing  a  ton  or  two 
of  tremolite  for  highly  specialized  uses  are  often  willing 
to  pay  a  much  higher  price  for  good  fiber  than  large-scale 
users  who  can  more  easily  obtain  fiber  of  good  quality 
from  cheap  foreign  sources. 
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ASPHALT  AND  BITUMINOUS  ROCK 


I5y  Charles  W.  Jennings 


In  the  early  development  of  roads  in  California,  local 
Jeposits  of  bituminous  roek,  particularly  in  I.os  Anjreles, 
jSanta  Barbara,  San  Luis  Obispo,  Kern,  Santa  Cruz,  and 
iMendoeino  Counties,  were  mined  as  sources  of  natural 
lasphalt  for  surfacing  material.  These  deposits  were  most 
Iproduetive  durin<?  the  years  1910  and  1911.  In  later 
(years,  natural  asphalt  from  bituminous  rock  was  largely 
(replaced  by  asphalt  products  manufactured  by  petro- 
lleum  refineries.  These  manufactured  products  are  more 
(liniform  and  of  higher  grade  than  the  natural  material 
land  permit  better  control  of  physical  properties.  In 
1 1947-48,  only  one  bituminous  rock  quarry  was  operating 
[in  the  state,  and  since  1949  no  bituminous  rock  has  been 
[mined.  During  World  War  II  and  in  later  years,  the 
[larger  deposits  of  bitiuninous  rock  in  California  were 
[seriously  studied  as  possible  sources  of  material  from 
[which  oil  may  be  extracted;  several  of  the  larger  bitu- 
[minous  rock  deposits  were  mapped  in  detail  by  the  II.  S. 
[Geological  Survey;  a  detailed  study  of  oil-impregnated 
Istrippable  deposits  was  undertaken  for  the  U.  S.  Corps 
[of  Engineers,  Department  of  the  Army;  and  several  oil 
[companies  investigated  the  problem  of  recovering  petro- 
[leum  from  such  rocks.  Analyses  of  radioactive  asphalt- 
I  bearing  rocks  of  California,  made  recently  by  the  U.  S. 
[Geological  Survey,  show  that  the  petroleum  ash  fraction 
lof  the  bituminous  rock  contains  as  much  as  1.9  percent 
1  uranium. 

COMPOSITION   AND  GEOLOGIC  OCCURRENCE 

Native  asphalt  consists  of  lieavj'  liquid,  semi-solid,  and 
[solid  hydrocarbon  residues  which  have  been  deposited 
I  in  surface  and  near-surface  rocks  and  soil.  Such  deposits 
occur  where  liquid  petroleum  has  migrated  upward  and 
lost  its  lighter  fractions  by  evaporation.  This  process  re- 
I  suits  in  various  types  of  accumulations  of  bituminous 
I  material,  ranging  from  seeps  and  pools  of  almost  pure 
I  heavy  petroleum  to  rock  in  which  petroleum  residue  fills 
a  fraction  of  the  pore  space.  Such  terms  as  "tar  sand", 
'oil   shale",  and   "asphalt  rock"  are   included   in  the 
I  more  general  term  "bituminous  rock"  which  refers  to 
any  rock  that  carries  a  substantial  amount  of  petroleum. 
The  so-called  "oil-shale"  in  California  contains  hydro- 
carbons in  the  form  of  natural  petroleum,  but  elsewhere, 
as  near  Rifle.  Colorado,  the  term  "oil  shale"  commonlj' 
refers  to  rocks  that  contain  a  carbon  compound,  known 
as  kerogen,  which  is  not  petroleum,  but  which  can  be 
processed  to  yield  petroleum  products.  "Petroleum  as- 
phalt" is  the  term  applied  to  the  material  manufactured 
at  petroleum  refineries  by  distillation    (fig.    1).   Petro- 
leum asphalt  production  in  the  United  States  now  far 
outranks  bituminous  rock  production. 

Various  peculiar  hydrocarbon  substances  which 
usually  are  considered  as  separate  mineral  species,  but 
which  are  closely  related  to  asphalt,  occur  at  widely  dis- 
tributed localities  in  the  Coast  Ranges  of  California. 
Gilsonite  has  been  noted  near  Sisquoc  in  Santa  Barbara 
County ;  amber  in  the  Simi  Valley  in  Ventura  County ; 
curtisite  in  serpentine  in  San  Francisco,  and  with  cin- 
nabar in  Lake,  Napa,  and  Sonoma  Counties;  aragotite 
as.sociated  with  cinnabar  in  Xapa  and  Santa  Clai'a  (boun- 


ties; napalite  in  cinnabar  mines  in  Napa  County;  and 
posepnyte  in  the  cinnabar  mines  of  Lake  and  Napa  Coun- 
ties. Chemically,  these  substances  are  hydrocarbons  and 
commonly  contain  oxygen.  They  have  not  proved  to  be 
of  commercial  importance  in  California  and  of  these 
only  gilsonite  is  mined  commercially  in  the  United 
States. 

Most  asphaltic  rock  deposits  occur  in  sandstone,  lime- 
stone, and  shale.  In  igneous  rocks  they  are  rare  and 
small  and  generally  are  near  petroliferous  sedimentary 
source  beds.  In  California,  native  asphalt  occurs  as  seep- 
ages or  as  impregnations  of  the  interstices  of  porous 
rocks;  the  harder  asphalt  and  asphaltites  most  com- 
monly fill  fissures  and  resemble  dikes  and  sills. 

Asphaltic  material,  like  petroleum  from  which  it  is 
derived,  has  the  ability  to  migrate  from  the  place  of  its 
origin.  The  main  factors  affecting  movement  of  native 
bituminous  substances  are  hydrostatic  pressure  (flota- 
tion upon  ground  water),  gas  pressure,  capillary  action, 
differential  compaction,  and  heat. 

Petroleum  is  probably  the  mother  substance  from 
which  other  bituminous  substances  are  derived.  The 
process  of  conversion  of  petroleum  to  asphalt  is  known 
as  metamorphosis  and  is  controlled  by  time,  heat,  and 
pressure. 

LOCALITIES   IN   CALIFORNIA 

Known  deposits  of  bituminous  rocks  in  California  are 
very  numerous,  and  they  generally  lie  within  the  limits 
of  the  distribution  of  marine  Miocene  and  Pliocene  for- 
mations in  and  around  the  margins  of  the  Tertiary 
basins.  Figure  2  shows  the  location  of  asphalt  and  bi- 
tuminous rock  deposits  in  California,  and  a  description 
of  these  is  tabulated  by  counties  in  table  1. 

In  1944,  1945,  and  1951,  the  United  States  Geological 
Survey  published  a  series  of  five  sheets,  each  containing 
a  preliminary  map  and  a  brief  text  on  specific  bitumi- 
nous rock  deposits  in  California  (Holmes,  Page,  and 
Duncan,  1951;  Page,  Williams,  and  Henrickson,  1944; 
Page,  Henrickson,  Williams,  and  Moran,  1945;  Page, 
Williams,  and  Henrickson,  1945;  and  Williams  and 
Holmes,  1945).  These  deal  with  the  occurrences  of  bitu- 
minous rock  near  Santa  Cniz,  Santa  Cruz  County ;  Cas- 
malia,  Santa  Barbara  County;  Edna,  San  Luis  Obispo 
County;  McKittrick.  Kern  County;  and  Point  Arena, 
Mendocino  County.  The  following  paragraphs  summa- 
rize these  investigations  and  also  include  brief  descrip- 
tions of  the  bituminous  sands  east  of  Newhall,  and  the 
famous  tar  pits  of  Rancho  La  Brea  in  west  Los  Angeles. 

Santa  Cruz,  Santa  Cruz  County.  Bituminous  rocks 
are  discontinuously  exposed  in  two  areas,  each  about 
one  mile  square,  4  to  6  miles  northwest  of  Santa  Cruz. 
These  have  been  identified  as  the  Calrock  quarry  area 
and  the  Cowell  and  City  Street  Improvement  Company 
areas  on  the  index  map  shown  in  figure  3.  Cenozoie 
sedimentary  rocks  exposed  in  the  region  dip  3°  to  7°, 
and  overlie  pre-Cretaceous  quartz  diorite  basement  rocks. 
The  bituminous  deposits  are  interbedded  in  sandstone 
or  occur  as  sandstone  intrusions. 
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This  simplified  graphic  chart 
shows  the  inter-relationships  of 
petroleum  products,  with  gaso- 
line, oil  and  asphalt  flowing 
from  the  same  oil  well. 
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Figure  1.  Petroleum  asphalt  flow  chart.  CI)  Oa-idized  asphalt:  a  higher  meltiriK-point  asphalt  produced  by  blowing  air  through  heated 
asphalt.  (2)  Cutback  asphalt:  asphalt  liquefied  with  a  volatile  petroleum  distillate;  the  distillate  evaporates  on  exposure,  to  air,  leaving 
asphalt  cement.  (3)  Emulsified  asphalt:  an  emulsion  of  asphalt  and  water  with  an  emulsifying  agent.   Courtesy   of  the  Asphalt  Institute. 
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SIERRA 


/ SANTA    BARBARA 


1  POINT       ARENA 

2  DUXBURY      POINT 

3  HOOPER     QUARRY 

4  GOWELL      MINE 

5  CALROCK      ASPHALT    QUARRY 

6  SARGENT     RANGH 

7  CHALONE     CREEK 

8  SAN    LORENZO    GREEK 

9  SAN    ARDO 

10  BRADLEY 
I  I  EDNA 

12  Mc  KITTRIGK 

13  SUNSET- MARICOPA 

14  NORTHERN     CASMALIA 

15  SOUTHERN     CASMALIA 

16  SISOUOC 

17  GRAGIOSA    RIDGE 

18  GAVIOTA 

19  GOLETA 

20  GARPENTERIA 

21  PUNTA    GORDA 

22  SULPHUR     MT. 

23  NEWHALL 

24  RANGHO    LA    BREA 

25  CHINO 


(Description    of    deposits   tabulated    in  Table    I.) 

Figure  2.     Location  of  the  more  noteworthy  asphalt  and  bituminous  roclv  deposits  in  California. 
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Table  1,     Asphalt  and  hiiuminous  rock  deposits  of  California. 


Map 
No. 


County 


T-R-S 


Name  of  dep<»it 
or  locality 


Age  and 
formation 


Overburden 


Type  of  deposit,  thickness 
of  beds,  and  dip 


Bitumen  cont«nt 
and  reserves 


Production  history,  ref- 
erences, and  remarks 


Mendocino. 


T12N-R17W 


Marin. 


San  Mateo. 


Santa  Cruz . 


Santa  Cruz . 


T8S-R3W-S8 


T11S-R2W-S5 


TUS-R3W-S12 


Santa  Clara.. 

San  Benito . . 
Monterey . . . 


Montovy. 


Monterey . 


San  Luis  Obispo.. 


Kern.. 


Santa  Barbara . 


Santa  Barbara . 


Santa  Barbara . 


T17S-R8E-S32 
&33 


T19S-R9E-S15 


T22S-R10E^18, 
19,  29,  32.  33 


T24S-R10E 


T31S-R12  &  13E 


T30S-R22E-S19, 

20,  21,  28,  29 


TnN-R23W- 
S18,  19,  20. 

T11N-R24W- 
S13.  14 

T9N-R35W-S3. 
10 


T9N-R35W 


Point  Arena  (2  areas: 
Arena  Cove  and  Porter 
O'Neal  ranch) 


Duxbury  Point,  North  (2 
miles  NW  of  Bolinas) 
along  sea  cliffs. 

Hooper  quarry  (aban- 
doned). 


City    Streets    Improve- 
ment Co.,  Cowell  Mine. 


Calrock  Asphalt  Co. 


Sargent  Ranch  "tvicinity 
of  Sargent  oil  field). 


Chalone  Creek  (Mat- 
thews quarry,  east  of 
Metz). 

San  Lorenzo  Creek,  My- 
lar quarry  (10  mi.  NE 
of  King  City). 


San    Ardo    (West    side 
Salinas  River). 


Bradley  (6  mi.  SW  Brad- 
ley along  San  Antonio 
R.). 


Edna  district. 


McKittrick      (Asphalto) 
district. 


Sunset-Maricopa  district . 


Northern  Casmalia  area 
(N.T.U.  mine). 


Southern  Casmalia  (Airox 
mine  near  Schumann). 


Sisquoc  region  (Alcatraz 
mine,  Zat  a  Creek  area, 
area  east  of  Los  Ala- 
mos). 


Miocene 
Monterey 


Miocene 

Monterey 


Miocene 
Monterey 


Miocene 

Monterey  and  Va- 
queros,  and  on 
Iwe-Cretaceous 
quartz  diorite. 


Miocene 
Monterey  and  Plio- 
cene Purisima. 


Miocene 
Monterey  adjacent 

to  granite. 
Miocene 
Monterey. 


Miocene 
Monterey. 


Miocene 
Monterey  and  Plio- 

Pleistocene  Paso 

Robles. 

Mio-PIiocene 
Bsmo. 


Mostly  in  Plio- 
Pleistocene  Tu- 
lare. Some  in 
Pliocene  Etche- 
goin  and  Mio- 
cene Monterey. 

Miocene 


Mio- Pliocene 
Sisquoc 

Mio-Pliocene 
Sisquoc 

Pliocene 


Few  feet  to  100' 


Few  feet  to  100' 


Thick 


Little  or  no  over- 
burden. 


Thick 


40'  (?) 


15'  average 


Bituminous  sandstone.  4 
beds:  l'-30'  thick,  18° 
to  55°  dip. 


Asphalt    dike,    residues 
from  oil  seepages.  Steep 

dip. 

Bituminous  rock. 


Bituminous  sandstone 
and  fissure  fillings.  1' 
to  30'  thick.  3°  to  T 
dip. 

Bituminsus  sandstone 
and  fissure  fillings.  1' 
to  35'  thick,  3*  to  7" 
dip. 


Extensive  oil  and  tar 
seeps  and  bituminous 
sandstone. 


Asphalt-impregnated  ar- 
kose. 

Asphalt  impregnated  ar- 
kose  and  bituminous 
sandstone  1500'  long, 
100'  wide. 

Bituminous  sandstone 
125'  thick.  4  mi.  long. 
Steep  dip. 

Bituminous  sandstone 
30'  thick,  3000'  long. 
40°-85''  dip. 


Bituminous  sandstone. 
Gentle  dip. 


Scattered    asphalt    and 
bituminous  sandstone. 


Asphalt  and  tar  sands  2'- 
15'  thick. 


Asphaltic  diatomite  in- 
cluding dikes  and  veins. 
20°-40''  dip. 

Oil  impregnated  diato- 
mite including  dikes 
and  veins.  Averages 
300' thick.  20°-40° dip. 

Bituminous  sandstone 
185'  maximum  thick- 
ness, 85'  average  thick- 


6H%  bitumen  by  weight, 
or  15.6  gals/ton.  In- 
dicated and  inferred  re- 
serves ==  3,232,000  tons 
containing  1,207,000 
bbls.  bitumen. 

Minor 


Ave.  bitumen  content  = 
12%.  Reserves  in  Santa 
Cruz  area  =  9,300,000 
cu.  yds.  or  10,000,000 
bbls.  asphalt. 

Ave.  bitumen  content  = 
10%.  Reserves  in  Santa 
Cruz  area  =  9,300,000 
cu.  yds.  or  10,000,000 
bbls.  asphalt. 


Bitumen    content    gen- 
erally small. 


26  gal.  oil  per  ton.  11% 
bitumen  by  weight.  Re- 
serves =  282,880,000 
tons. 


24  gal.  oil  per  ton.  Re- 
serves =  8.500,000  to 
15,700,000  tons.  Re- 
coverable bitumen  ^^ 
4,850,000  to  9,000,000 
bbls. 


42  gal.  oil  per  ton.  Quarry 
contains  100,000  tons 


"5,000,000  tons  inferred 
reserves. 


30  gal.  oil  per  ton. 
41,000,000  tons  primary 
reserves. 


Some   early   production. 
Holmes  1951,  OM  125. 


No  production.  Calif. 
Div.  Mines  B  118,  p, 
621. 

Some  used  for  private 
roadwork.  17th  Rept. 
State  Mineralogist,  p. 
169. 

Worked  extensively  for 
paving  rock  between 
1888  and  1930.  Page, 
1945,  Map  27. 

Worked  from  1930  to 
about  1949  for  paving 
rock  and  pressed  as- 
phalt bricks  for  floor- 
ing. Oil  extraction  ex- 
perimental project  be- 
gun in  1955.  Page, 
1945.  Map  27. 

Som^  early  production 
from  tunnel.  Davis  k 
Jennings,  1954,  p.  383- 
385. 

Some  early  production. 
Eldridge.  1900.  p.  407- 
409. 

Some  early  production 
for  road  paving.  El- 
dridge, 1900,  p.  407- 
409. 

Eldridge,  1900,  p.  410- 
411. 


Eldridge,   1900,  p.  411- 
412. 


Past  production  from  27 
quarries  for  paving. 
Oil  extraction  experi- 
ment during  World 
War  H.  Page,  1944. 
Map  16,  Shea  &  Big- 
gins,  1945. 

Extensive  mining  in  past. 
Page,  1945,  Map  35. 


18th   Rept.  State  Min- 
eralogist, 1922,  p.  230. 


Extensively   mined   first 

as  fuel  then  for  paving. 

Williams    &    Holmes, 

1945,  Map  34. 
Extensively   mined   and 

burned  for  lightweight 

aggregate. 

Oil  extracted  by  solvents 
during  1900  and  piped 
35  miles  to  refinery  on     i 
coast.  Eldridge.  1900.    I 
p.  429-438,  15th  Rci-t.     ■ 
State    Mineralogisl, 
1915,  p.  734. 
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No. 


County 


Santa  Barbara. 


Santa  Barbara . 


Santa  Barbara . 


Santa  Barbara. 


Ventura.. 


Los  Angeles.. 

Los  Angeles.. 
Los  Angeles.. 


T-R-S 


T4N-R25W-S1 


T4N-R22W 
S3&  10 


T4N-R15W-S7 
T3N-R15W-SI8 
A.  19 


Name  of  deposit 
or  locality 


Graciosa  Ridge  in  Santa 
Maria  (Orcutt)  oil 
field. 


Gaviota  coastal  area. 


Goleta  area  (La  Patera 
mine,  More's  Landing). 


Carpenteria  area  (along 
beach). 


Punta  Gorda  area. 


Sulphur  Mt.  (Ojai  Mine). 


Newhall  area  (includes 
Elsmere  Canyon,  Whit- 
ney Canyon,  and  Pla- 
centa oil  fields). 


Rancho  La  Brea   (near 
old  Salt  Lake  oil  field). 

Chino  area  (4  mi.  SW  of 
Chino). 


Age  and 
formation 


Pliocene 
Careaga 


Mio-Pliocene 
Sisquoc  and  Mio- 
cene Monterey. 


Miocene 
Monterey 


Miocene 
Monterey  (?) 


Miocene 
Monterey 


Chiefly  in  Pliocene 
Repetto  and 
Pico.  Also  in  pre- 
Cretaceoua  gneiss 
and  schist,  Eo- 
cene, and  Pleis- 
tocene beds. 

U.  Pleistocene  ter- 
race deposits. 


Overburden 


Considerable 


12 '-50' 


Type  of  deposit,  thickness 
of  beds,  and  dip 


Bituminous  sandstone 
including  asphalt  veins. 
20'  to  70'  thick.  Steep 
dip. 


Bituminous  sandstone. 
25'  thick  maximum. 
High  dip. 

Irregular  pockets  and 
veins  each  having  750- 
1500  tons  bitummous 
material.  Steep  dip. 


Bituminous  sandstone. 
12'-30'  thick.  Flat 
lying. 


Bituminous   sandstone. 
4'  thick.  Steep  dip. 


Seepages  of  heavy  vis- 
cous bitumen  over 
rather  large  area. 

Bituminous  sandstone 
and  tar  seeps. 


Tar  pits  and  asphalt. 


Bitiminous  sandstone. 
20'  maximum  thick- 
ness, 6'-12'  average 
thickness.  15°  dip. 


Bitumen  content 
and  reserves 


16-19  gals,  per  ton. 


High  grade  material  re- 
sembling gilsonite. 


18%-20%  bitumen  con- 
tent. 


28%  aaphaltum 


Production  history,  ref- 
erences, and  remarks 


Mined     by    shaft    and 
tunnel.  Eldridge,  1900, 
p.  426-429,  15th  Rept. 
State    Mineralogist, 
1915,  p.  733. 

No  production.  Eldridge, 
1900,  p.  440-441. 


Formerly  mined  under- 
ground. Eldridge,  1900, 
p.  441-443.  15th  Rept. 
State    Mineralogist, 
1915,  p.  734. 

Worked  extensively  by 
several  quarries  for 
paving.  Eldridge,  1900, 
p.  444-445.  ISth  Rept. 
State  Mineralogist 
1915,  p.  731-732. 

Mined  in  1895  by  shaft 
and  tunnel.  Eldridge, 
1900,  p.  445-446.  15th 
Rept.  State  Mineralo- 
gist, 1915,  p.  754. 

15th  Rept.  State  Miner- 
alogist, 1915,  p.  754. 


Oakeshott,    G.    B.    (in 
press)  Bull.  172. 


Stock,  1940. 


Eldridge,   1900,  p.  447- 
448. 


Figure  3.     Index  map  of  Santa  Cruz  region  showing 
areas  of  bituminous  rock  quarries. 


Most  of  the  deposits  in  the  Calrock  quarry  area  occur 
immediately  above  the  quartz  diorite,  or  above  the  lower 
Miocene  Vaqueros  sandstone.  The  bituminous  beds  may 
l>e  a  part  of  the  Vaqueros  formation.  These  deposits 
ranjre  in  thickness  from  1  to  35  feet.  In  addition,  many 
■^niall  bituminous  dikes  project  into  shale  of  the  middle 


Miocene  Monterey  formation,  and  large  sill-like  bodies 
have  been  mined.  In  the  Cowell  mine  area,  the  bitumi- 
nous sandstone  deposits  occur  as  interbedded  shale  and 
sandstone  strata  of  the  Monterey  formation  and  as  sills. 
The  thickest  deposits  are  8  to  30  feet  thick  in  this  area 
and  are  essentially  flat-lying.  The  U.  S.  Geological  Sur- 
vey estimates  reserves  of  bituminous  rock  in  the  two 
areas  total  9,300,000  cubic  yards,  or  about  10,000,000 
barrels  of  asphalt  (Page,  1945).  The  bitumen^  content 
of  the  sandstone  is  ordinarily  between  10  and  18  percent 
by  weight. 

Between  1888  and  1915  the  deposits  in  both  areas 
were  worked  by  several  companies,  including  the  City 
Street  Improvement  Company  and  the  Cowell  Company. 
During  this  period  approximately  614,000  tons  of  bitu- 
minous rock,  valued  at  about  $2,352,300,  were  produced 
and  sold  for  paving,  but  the  output  dwindled  gradually 
in  succeeding  years,  and  by  1930  most  of  the  workings 
were  idle.  In  that  year  Calrock  Asphalt  Company  began 
using  the  material  for  paving  and  for  making  pressed 
asphalt  bricks  for  industrial  flooring.  About  1949,  these 
operations  ceased  and  no  production  of  bituminous  rock 
has  been  recbrd^d  from  the  Santa  Cruz  area  since  then. 


'  In    an    asphaltic  product,    bitumen    is   that   portion    which    is   com- 
pletely soluble  in  carbon  disulfide. 
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Omt  -  Morine    terroce    deposits 

Tm  -  Monterey   shale 

Tvq  -  Voqueros    sandstone 


qd    -  Quartz     diorite 

eg    -  Conglomerote 

bs    -  Bituminous    sondstone 


After     Page,  B,  et   al,l945 
U.S.G.S.   Preliminary   Mop  27 


Figure  4.     Cross  section  through  bituminous  sandstone  deposits  near  Santa  Cruz. 


In  the  spring  of  1955,  the  Husky  Oil  Company  of 
Cody,  Wyoming,  established  an  experimental  project  ^ 
at  the  Calroek  quarry  to  obtain  oil  by  "cracking"  the 
hydrocarbons  contained  in  the  bituminous  sandstone. 
This  is  done  by  heating  the  bituminous  sandstone  under- 
ground, and  by  condensing  the  resulting  hydrocarbon 
vapors.  The  method  used  is  a  modification  of  a  Swedish 
method,  developed  by  Ljungstrom,  which  has  been  used 
successfully  since  1941  on  kerogen-type  shales. 

At  the  Calroek  quarries,  holes  are  drilled  through  the 
deposit  and  into  each  hole  is  lowered  a  special  burner 
using  gaseous  fuel  which  heats  the  hole  from  about  10 
feet  from  the  surface  to  the  bottom.  The  resulting  oil 
vapors  and  natural  gas  are  collected,  and  the  oil  vapors 

"  The  following  description  is  published  by  permission  of  the  Husky 
Oil  Company,  July  26,  1956. 


are  condensed.  The  operators  anticipate  that  the  natural 
gas  recovered  can  be  used  as  fuel  for  the  underground 
burners.  In  February,  1956,  a  seven-burner  test,  two 
single-burner  tests,  and  a  small  laboratory  were  oper- 
ating. The  operators  estimated  that  it  would  take  about 
a  year  of  further  testing  with  several  hundred  heating 
units  and  a  pilot  plant  before  production  on  a  com- 
mercial scale  could  be  considered. 

Casmalia,  Santa  Barbara  County.  Bituminous  rock 
deposits  occur  in  an  area  5  miles  north-northwest  of 
Casmalia  and  about  15  miles  southwest  of  Santa  Maria. 
These  deposits  consist  of  oil-impregnated  diatomaceous 
mudstone  and  asphalt  dikes  and  sills.  They  occur  mainly 
in  the  Sisquoc  formation  of  upper  Miocene-lower  Plio- 
cene age  and  form  part  of  a  homoclinal  structure  with 
beds  dipping  20°  to  40°  NE. 


Figure  5.     Asphalt  quarry  in  the  Santa  Cruz  area  showins  siU-lilce  intrusion  of  bituminous  rocls 
in  diatomaceous  shale.  Photo  by  J.  F.  Newsom,  1901. 
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Figure  6.  Photograph  showins  view  of  one  of  the  testiiif;  areas  where  the  Husky  Oil  Company  is  eiifjaKei) 
ill  experiments  to  recover  the  oil  from  hituminous  sandstone  deposits  near  Santa  Cruz.  Compressor,  tanks  for 
air  and  fuel  in  foreground ;  lahoratory  on  right ;  mast  for  raising  and  lowering  hurners  into  test  holes  in 
background. 


■  The  oil-impregnated  rocks  cover  about  500  acres.  In 
'■athered  outcrops  the  oil-soaked  material  is  soft  and 
H-  zone  does  not  appear  to  be  more  than  10  to  20  feet 
lick  (Williams  and  Holmes,  1945).  The  degree  of 
1  titration  varies  but  appears  to  be  controlled  by  the 
uantity  of  oil  originalh'  available  for  impregnation, 
11(1  by  the  porosity  and  permeability  of  the  rock.  Soft 
-1  earthy  varieties  of  the  rock  have  a  low  oil  content, 
iiereas  the  completely  saturated  rock  is  hard  and 
nigh. 


The  asphaltic  veins  and  dikes  are  distributed  over  an 
area  about  a  half  mile  wide  and  two  miles  long.  They 
have  the  appearance  of  originating  in  cracks  irregularly 
disposed  through  the  mudstone  and  sandstone  and  range 
from  less  than  an  inch  to  two  feet  in  width  and  extend 
for  considerable  distances  (Eldridge,  1901).  Although 
the  veins  are  i^-regularly  distributed,  the  prevailing 
strike  seems  to  be  northeasterly  and  they  generally  dip 
steeply  to  either  the  northwest  or  southeast. 

Bitumen  from  the  region  was  used  as  early  as  1885, 
first  as  fuel  and  then,  about  10  years  later,  as  paving 


Ool  =  Alluvium    ond   terroce   gravel 
Tpi' =  Pismo  formation    ( Plio  -  Miocene! 
bs   =  Bituminous   sandstone 


After    Poge.B,  et  al,  1944 
US.G.S  Preliminary  Map  16 


FiGtTBE  7.     Cross  section  through  bituminous  sandstone  deposits  near  Edna,  San  Luis  Obispo  County. 
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Figure  8. 


Flow  sheet  of  laboratory   hot-water  separation   i)laiit  designed  to  treat  Ki\na  bituniiiioiis  sandstone. 
After  Shea  and  lliyyins,  IS'/o,  V.  S.  liuictiii  of  Mines  Kept.  Iiiv.    '/.i'/d. 
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Figure  0.     Cross  section  through  asphalt  and  hitiiniinons  sandstone  deposits  in  the  McKittrick  district,  Kern  County. 
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laterial.  The  first  deposits  to  be  worked  were  the  vein 
(■posits,  and  these  were  mined  largely  by  underground 
icthods-  The  largest  of  these  mines,  known  as  the  Wal- 
iirf  mine,  is  reported  to  have  had  about  1500  feet  of 
lulerground  workings.  The  only  attempt  to  utilize  the 
il-impregnated  mudstone  was  in  1923,  when  the  N.T.U. 
(iiupany  extracted  several  thousand  barrels  of  oil  by 
•structive  distillation  (Gore,  1923).  But  this  project 
as  unsuccessful,  partly  because  of  difficulties  in  the 
Ktraetion  process,  and  partly  because  of  the  company's 
ability  to  compete  with  the  price  of  oil  from  wells. 
.T.U.  closed  its  operations  in  1928;  in  1930  the  deposit 
as  investigated  by  the  Los  Angeles  Bureau  of  Light 
nd  Power  as  a  possible  fuel  source  for  power. 

Analyses  of  the  oil  content  of  the  rocks  range  from  39 
i  82  gallons  per  ton,  and  the  probable  average  grade  is 
stimated  at  42  gallons  (1  barrel)  per  ton  (Williams  and 
lolmes,  1945).  Because  the  oil  content  of  the  rock  is 
ot  uniform,  and  surface  exposures  of  the  bituminolis 
<  ick  are  few,  no  accurate  estimate  of  reserves  of  the  area 
-  possible  without  extensive  core  drilling.  Surface  indi- 
itions  suggest  that  the  oil  reserves  of  the  bituminous 

•k  are  largely  limited  to  the  confines  of  the  N.T.U. 

larry    which    has    been    estimated    to    contain    about 

00,000  barrels  (AVilliams  and  Holmes,  1945).  Additional 

serves  of  considerable  magnitude  are  suggested  by  out- 

lys  of  naturally  burned  shale  south  of  the  N.T.U.  mine. 

Edna,  San  Luis  Obispo  County.  Bituminous  sand- 
tone  has  been  mined  from  very  large  deposits  near  the 
•:dna  (Arroyo  Grande)  oil  field  3  to  8  miles  south  and 
■  mtheast  of  San  Luis  Obispo.  These  deposits  are  confined 

0  the  Pismo  formation  of  upper  Miocene  to  Pliocene 
i'se,  which  con.sists  of  conglomerate,  sandstone,  diatoma- 

■ous  sandstone  and  shale,  siliceous  shale,  and  chert.  The 
ajor  structural  feature  of  the  region  is  the  Pismo  syn- 
liiie  with  minor  folds  superimposed  on  its  flanks.  Bitu- 
iiinous  sandstone  deposits  occi^r  on  both  limbs  of  the 
-\  iieline  but  those  on  the  northeast  are  the  largest.  The 
lituminous  outcrops  range  in  quality  from  black,  satu- 
ated  tar  sand  to  light-brown,  slightly  bituminous  sand- 
tone.  Oil  probably  originated  in  both  the  Pismo  and 
uiderlyiug  Monterey  formations  and  migrated  upward 

1  long  the  coarser  beds  and  fractures  into  the  more  por- 
Mis  and  permeable  beds  of  the  Pismo  formation,  losing 
Is  lighter  constitutents  near  the  surface  and  leaving 
isphalt. 

ilost  of  the  deposits  are  gently  dipping  and  many 
ara:e  areas  of  bituminous  rocks  are  exposed  with  little 
11-  110  overburden,  hence  they  are  favorably  situated  for 
-urfaee  mining.  About  282,880,000  short  tons  of  bitumi- 
lous  material,  much  of  which  contains  about  11  percent 
iiitiimen  by  weight,  or  26  gallons  per  ton,  are  estimated 
lo  exist  in  the  Edna  area  (Page  et  al.,  1944).  There  are 
-7  quarries,  some  of  which  were  operated  as  early  as 
I'^ST.  Eighty  thousand  tons  of  bituminous  rock  were 
^hipped  for  paving  during  the  period  1887-90,  and  about 
T'l.OOO  tons  during  the  period  1890-1915.  In  1922,  the 
(  alifornia  Oil  Mining  Company  drove  several  adits  and 
'lected  a  plant  designed  to  extract  oil  from  the  bitumi- 
nous sandstone  by  use  of  solvents  (Newman,  1922).  The 
ipcration  was  unsuccessful. 

In  1943,  the  Petroleum  Field  Office  of  the  Bureau  of 
.^^lles  at  San  Francisco,  in  cooperation  with  the  LT.  S. 


Geological  Survey  and  the  Petroleum  Administration  for 
War,  initiated  a  study  of  bituminous  sandstone  at  Edna. 
A  process  for  extraction  of  the  oil  was  developed  by  the 
U.  S.  Bureau  of  Mines.  The  studies  showed  that  high 
recoveries  of  hydrocarbons,  suitable  for  making  fuel  oil, 
diesel  fuel,  and  gasoline,  were  possible  if  an  especially 
developed  modification  of  a  hot-water  separation  method 
was  used.  The  report  on  these  investigations  (Shea  and 
Higgins,  1945)  includes  data  on  the  properties  of  Edna 
asphalt  and  on  the  distillation  analyses  of  the  bitumen, 
as  well  as  a  description  of  its  rediiction  to  coke  and  a 
detailed  account  of  the  recovery  process. 

McKittrick,  Kern  County.  Abundant  deposits  of  bi- 
tuminous sandstone,  asphaltic  alluvium,  and  asphalt 
veins  and  seeps  occur  along  the  eastern  margin  of  the 
Temblor  Range  just  south  of  the  town  of  McKittrick. 
Of  these  materials  the  bituminous  sandstone  contains  the 
greatest  volume  of  asphaltic  material.  The  bituminous 
deposits  probably  attain  a  maximum  thickness  of  80  feet 
and  are  most  abundant  in  the  Tulare  (Plio-Pleistocene) 
formation;  however,  the  Etchegoin  (Pliocene)  formation 
is  bituminous  locally,  and  a  few  bituminous  dikes  and 
asphalt  seeps  occur  in  the  Monterey  (Miocene)  forma- 
tion (see  fig.  9).  The  asphalt  veins  are  as  much  as  100 
feet  long  and  range  in  Avidth  from  several  inches  to 
about  eight  feet. 

Although  the  area  is  estimated  to  contain  8,500,000  to 
15,700,000  tons  of  bituminous  material,  the  smallness  and 
scattered  spacing  of  individual  deposits  and  thick  over- 
burden would  hinder  any  large-scale  stripping  or  quar- 
rying operations  (Page  et  al.,  1945).  The  average  bitu- 
men content  of  tlie  deposits  in  the  area  is  about  10  per- 
cent by  weight  or  about  24  gallons  per  ton.  On  this 
basis,  the  area  contains  between  4,850,000  and  9,00(),00() 
barrels  of  accessible  bitumen. 

Bituminous  beds  in  the  McKittrick  area  were  first 
worked  in  the  early  seventies,  and  the  material  was  sent 
by  wagon  to  Bakersfield.  These  veins  were  prospected 
and  mined  extensively  and  many  slumped  shafts,  adits, 
and  stopes  can  still  be  seen. 

Point  Arena,  Mendocino  County.  Bituminous  sand- 
stone deposits  in  the  Point  Arena  area  of  Mendocino 
County,  about  130  miles  north  of  San  Francisco,  have 
been  of  recurrent  interest  as  a  possible  source  of  petro- 
leum and  paving  material  (Holmes,  et  al.,  1951).  The 
deposits  were  first  worked  in  1864  when  an  eifort  was 
made  to  extract  the  oil  by  distillation  (Weber,  1888,  p. 
200).  This  project  and  later  attempts  to  use  the  mate- 
rial for  paving  were  of  short  duration  and  only  a  few 
hundred  tons  of  material  were  mined. 

The  bituminous  deposits  are  exposed  in  Miocene 
Monterey  strata  along  the  steep  east  flank  and  south  end 
of  an  asymetrical  syncline.  The  principal  outcrops  are 
near  Arena  Cove  and  a  mile  to  the  north  on  the  Porter 
O'Neal  ranch  (fig.  10).  The  main  asphaltic  bed  is  be- 
lieved to  extend  between  these  two  areas  beneath  a  thin 
cover  of  terrace  deposits.  The  largest  layer  of  bituminous 
sandstone  in  the  Arena  Cove  area  is  about  30  feet  thick 
and  dips  18°  to  30°  north.  It  extends  from  the  sea  cliffs 
eastward  about  1650  feet  and  then  swings  to  the  north. 
The  main  bituminous  sandstone  on  the  O'Neal  ranch 
is  about  20  feet  thick  and  dips  50°  to  55°  SAY.  Three 
smaller  beds  also  crop  out  on  the  ranch. 
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After  Holmes,  Page  and  Duncan,  1951 
USGS    Oil  ond  Gos  Investigation   Map  125 


Figure  10.     Geologic  map  of  bituminous  sandstone  area  near  Point  Arena  and  vicinity. 


The  indicated  and  inferred  reserves  of  the  main 
bituminous  sandstone  layer,  as  projected  between  the 
two  areas,  total  abovit  3,232,000  tons  and  contain  an  esti- 
mated 1,207,000  barrels  of  bitumen.  Perhaps  60  to  90 
percent  of  this  near-surface  part  of  the  deposit  could 
be  recovered  in  mining,  depending  on  the  methods  used. 
The  deposits  contain  an  estimated  average  of  about  64- 
percent  bitumen  by  weight  or  about  15.6  gallons  of 
bitumen  per  ton. 

Newhall,  Los  Angeles  County.  In  an  area  which  lies 
about  2  miles  east  and  southeast  of  Newhall  in  north- 
western Los  Angeles  County  and  at  the  west  end  of  the 
San  Gabriel  Mountains  is  a  group  of  small  oil  fields 
which  includes  Elsmere  Canyon,  Whitney  Canyon,  Plac- 
enta, and  the  old  Plaeerita  schist  area  (Oakeshott,  1955). 
Numerous  active  oil  and  tar  seeps  exist  in  the  region 
and  issue  from  a  wide  variety  of  rocks  including  pre- 
Cretaceous  gneiss  and  schist.  Eocene  conglomerate  and 
sandstone,  marine  Pliocene  sandstone,  and  lower  Pleisto- 
cene gravel  and  sandstone.  Thinlv  bedded  to  massive 


bituminous  sandstone  is  extensively  exposed  in  Elsmeii 
and  Whitney  Canyons,  and  in  an  area  extending  frO} 
Elsmere  into  upper  Grapevine  Canyon.  Most  of  tl 
bituminous  rock  is  in  the  lower  Pliocene  Repetto  formi 
tion  (particularly  the  basal  Pliocene  Elsmere  menibei 
and  the  middle  and  upper  Pliocene  Pico  formation.  Tl 
rocks  of  the  region  have  been  complexly  folded  an 
faulted.  Penetration  of  the  lenticular  cross-bedded  saiK 
stone  and  conglomerate  by  petroleum  has  been  higlil 
irregular  and  has  been  controlled  more  by  local  vari; 
tions  in  porosity  and  permeability  than  by  structur 
Though  large  quantities  of  bituminous  rocks  are  exposei 
no  estimates  of  tonnages  or  data  on  amounts  of  recove 
able  petroleum  have  been  published. 

Rancho  La  Brea,  Los  Angeles  County.  The  bet 
known  of  all  tar  seeps,  breas,  or  asphalt  dei:)osits  i 
California  is  that  of  Rancho  La  Brea,  in  west  Los  .\\\ 
geles  and  adjacent  to  the  abandoned  Salt  Lake  oil  ficli! 
Lying  within  a  heavily  populated  area,  Ranclio  La  l!n 
is  maintained  by  the  county  as  a  public  park.  These  d 
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:)sits  have  yielded  one  of,  the  li^ost  remarkable  assem- 
lages  of  fossils  ever  found.  Live  oil  spring:s  have  fed 
)en  ponds  of  heavj'  oil  which  have  trapped  and  pre- 
•rved  a  great  variety  of  upper  Pleistocene  vertebrates 
1  eluding  mastodons,  ground  sloths,  horses,  camels,  saber- 
Kithed  tigers,  and  a  host  of  other  forms.  Among  the 
lany  published  references  to  the  tar  pits  is  a  paper  by 
tock  (1949)  which  describes  the  history  of  the  area, 
le  geologic  setting,  and  the  forms  of  life  preserved,  and 
uitains  an  extensive  bibliography. 

URANIUM  ANALYSES  OF  CALIFORNIA  ASPHALTIC 
ROCKS 

Samples  of  radioactive  asphalt-bearing  rocks  were  col- 

rted  from  several  places  in  California  by  the  U.  S. 

eological  Survey  during  1953  and  1954   (Hail,  1954, 

955).  Analyses  show  that  uranium  is  concentrated  as 

li  organo-uranium  complex  in  the  asphaltie  portion  of 

tie  sample.  The  iiranium  contents  of  the  ash  of  the  four 

ichest  samples  found  in  California  by  the  U.  S.  Geo- 

igical  Survey  are :  Chalone  Creek,  Monterey  County, 

")0  percent  IT;  McKittrick,  Kern  County,  0.15  percent 

;  Edna,  San  Luis  Obispo  County,  1.9  percent  U;  Los 

\lamos,  Santa  Barbara  County,  0.33  percent  U.  All  the 

eposits,  except  those  in  the  Chalone  Creek  area,  con- 

ain  large   estimated  reserves   of  asphalt-bearing   rock. 

'he  average  uranium  content  of  samples  from  the  Edna 

rea  is  0.376  percent.  These  analyses  apply  to  the  ash 

f  the  petroleum  content  of  the  rock,  and  it  must  be 

•unie  in  mind  that  the  amount  of  petroleum  ash  per 

on  of  bituminous  rock  is  quite  small. 

Asphalt-bearing  rocks  from  nine  other  areas  in  Cali- 
ornia  were  sampled  and  analysed,  but  did  not  show 
ignificant  amounts  of  uranium.  These  areas  include : 
'oint  Arena,  Santa  Cruz,  San  Lorenzo  Creek,  San  Ardo, 
iradley,  Casmalia,  Schumann,  Gaviota,  and  Goleta. 

UTILIZATION   AND  MARKETS 

Sales  of  bituminous  rock  in  the  United  States  in  1954, 
ccording  to  the  IT.  S.  Bureau  of  Mines,  amounted  to 
.300,000  short  tons,  valued  at  $3,700,000.  Bituminous 
nnestone  from  Alabama,  Oklahoma,  and  Texas  eom- 
irised  90  percent  of  this  total,  whereas  bituminous  sand- 
tone  from  Missouri,  Kentucky,  and  Oklahoma  comprised 
he  balance.  Bituminous  rock  has  not  been. mined  eom- 
"ercially  in  California  since  the  Santa  Cruz  operations 

re  shut  down  about  1949. 

ililsonite  is  mined  only  in  Utah,  and  in  1954,  pro- 
luction  amounted  to  76,000  short  tons,  valued  at  $2,700,- 
100.  Sales  value  of  carload  lots  of  bagged  gilsouite  per 
"11  at  the  mine  in  July  1956  ranged  from  $32  to  $38. 
■^i  leeted  gilsonite  with  a  fusing  point  ranging  from  270° 
"  295°  F.  sold  for  $37.00  ton;  gilsonite  with  a  350°  F. 
using  point  sold  for  $38.00  ton.  "Seconds"  with  a  fus- 
n?  point  ranging  from  300°-390°  F.  were  priced  at 
■^■>2.00  per  ton.  The  hardness  and  high  melting-tempera- 
iire  of  gilsonite  make  it  suitable  for  manufacture  of 
■nch  diversified  products  as  tiles,  battery  boxes,  paints, 
uks  and  insulation  compounds. 

Production  of  petroleum  asphalt  in  the  United  States 
far  outranks  that  of  natural  asphalt  or  bituminous  rock, 
la  1954,  a  petroleum  asphalt  production  of  14,700,000 
[Aort  tons  amounted  to  more  than  10  times  the  amount 
3f  bituminous  rock  production.  Table  2  shows  a  compari- 
son of  sales  of  bituminous  rock,  asphaltite,  and  petro- 


leum asphalt  in  the  United  States  and  California  for 
1953  and  1954.  In  California,  petroleum  asphalt  has 
practically  replaced  all  bituminous  rock  production  since 
about  1949.  The  average  price  of  petroleum  asphalt  per 
short  ton  in  1952  amounted  to  $18.47  (U.  S.  Bur.  Mines, 
1952). 

Table  2.     Comparison  of  sales  of  bituminous  rock,  gilsonite,  and 

petroleum  asphalt  in  the  United  States  and  California 

(1953-1954),^  in  short  tons. 


Year 

Bituminous 
rock 

Gilsonite 

Petroleum 
asphalt^ 

United  States. 

1954 
1953 

1.332.000 
1.440.000 

76.000 
61.000 

14.680.982 
14.041,648 

California 

1954 
1953 

0 
0 

0 
0 

1.378.284 
1,. 553.957 

1  Data  from  U.  S.  Bur.  Mines  Mineral  Market  Report  No.  M.MS  2416.  August  1955. 
^  Includes  asphalt  and  asptialtic  products  manufactured  from  botii  domestic  and  foreign 
crude  petroleum. 

About  70  percent  of  the  total  petroleum  asphalt  pro- 
duction is  consumed  as  paving  for  highways,  streets,  and 
airport-runways,  and  20  to  25  percent  is  consumed  in 
roofing  manufacture.  Table  3  lists  the  form  and  uses  of 


Table  3. 


Domestic  sales  of  petroleum  asphalt  in  1952  classified  by 
form  and  use^  (value  f.o.b.  refinery). 


Form 

Use 

Total  sales  from  domestic 
and  foreign  r>etroleum 

Short  tons 

Value 

Solid    and    semi- 
solid    products 

Asphalt  for 

Paving--          

5.046,920 

1.790.886 

152.606 

140.862 

53,253 

33.288 

28.858 

445 

413.125 

S89  691  204 

of  less  than  200 

32,879,605 

3,451.565 

2.329.194 

1.176,989 

838,382 

766,551 

15,509 

8,122,829 

penetration: 

Waterproofing'-  _ 

Molding  conipounds^ 

Blending  with  rubber 

Mastic  and  mastic  cake> 

Total 

7,660.243 

808.834 

500.002 

15.962 

9.367 

3,261.300 

128,664 

6.5.251 
79.631 

$139,271,828 

$11,984,471 

7.223,034 

378,487 

Semisolid  and  liq- 

FluxB  for— 

more  than  200 

Mastic^ 

363  980 

Cutback  asphalts^  (for  paving) 
Emulsified  asphalts  and 
fluxes!'' 

62,120,563 
2,846,009 

Paints,  enamels,  japans,  lac- 
quers   

Other  liquid  products 

Total- 

1..J77.613 
1,. 599.999 

4.869,031 

$88,094,156 

12.529.274 

.S227,365,984 

^  Data  from  U.  S.  Bur.  Mines  Minerals  Yearbook  1952. 

2  Hoofing— in  manufacture  of  asphalt  sliingles. 

3  Waterproofing — for  tunnels,  building  foundations,  retaining  walls,  bridges,  culverts,  etc., 

and  for  constructing  built-up  roofs. 
■•  Briquetting — for  binding  coal  dust  or  coke  breeze  into  briquets. 
^Molding  compounds — for  battery  boxes,  electrical  fittings,  pusli  buttons,  knobs,  handles, 

etc. 
^  Mastic  and  mastic  cake— for  laying  foot  pavements  and  floors,  waterproofing  bridges, 

lining  reservoirs  and  tanks;  capable  of  being  poured  and  smoothed  by  hand  troweling. 
^Miscellaneous — sucb  as  dips,  acid  resisting  compounds,  putty,  saturated  building  paper, 

fiber  board  and  fioor  coverings,  etc. 
s  K1U.V— used  in  softening  native  asphalt  or  solid  petroleum  asphalt. 

»  Cutback  asiJhalts — asphalts  softened  or  liquefied  by  mixing  them  with  petroleum  distil- 
lates and  used  for  hot-laid  road  paving. 
1"  Emulsified  asphalt  and  fluxes — asphalts  and  fluxes  emulsified  witli  water  for  cold-patching 

roads,  road  laying,  in  Portland  cement  concrete  mixes  to  give  it  waterproofing  and  salt 

corrosion  resistance.  In  adobe  bricks,  in  paper-sizing. 
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petroleum  asphalt  and  the  amount  of  sales  of  each  item 
for  1952. 

Improved  refining  processes  have  given  the  asphalt 
technologist  dependable  materials  of  a  quality  and  uni- 
formity much  superior  to  products  20  years  ago.  The  dis- 
covery that  the  blowing  of  air  through  asphalt  at  high 
temperatures  would  give  the  asphalt  a  higher  melting 
point  led  to  the  production  of  asphalt  products  which 
could  be  used  for  waterproofing  sloping  roofs.  One  of  the 
newest  developments  in  the  asphalt  trade  is  the  use  of 
special,  catalytieally  treated  asphalt  in  the  lining  of 
canals.  Hot  asphalt  is  sprayed  to  form  a  thick  layer, 
and  six  to  twelve  inches  of  earth  or  gravel  are  filled  back 
over  this  membrane.  Asphalt  emulsified  in  water  has  led 
to  an  entire  line  of  speciality  uses  such  as:  in  portland 
cement  concrete  mixes  to  give  waterproofing  and  salt 
corrosive  resistance ;  in  adobe  bricks  for  decorative  build- 
ing uses;  and  as  a  paper-sizing  for  packaging  supplies. 

Imports  of  petroleum  asphalt  into  the  United  States 
in  1953  amounted  to  approximately  460,000  short  tons 
valued  at  $5,200,000.  Most  of  this  came  from  the  Nether- 
lands Antilles.  A  small  amount  of  liquid  petroleum  as- 
phalt came  from  Venezuela.  Imports  of  natural  asphalt 
and  bitumens  amounted  to  only  2,699  short  tons  in  1953. 
This  was  mostly  lake  asphalt  from  Trinidad  and  was 
valued  at  $71,000.  Exports  of  petroleum  asphalt  and  its 
products  from  the  United  States  in  1954  amounted  to 
291,000  short  tons.  The  countries  to  which  major  ship- 
ments were  made  in  decreasing  order  of  amount  were : 
Indo-China,  Canada,  Philippines,  Brazil,  India,  and 
Union  of  South  Africa. 
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BARITE 

By  Charles  J.  Kundert 


Occurrences  of   barite  are  widespread   in   California 

d  the  mineral  has  been  produced  commercially  at  sev- 

,1  localities.  Prom  1910  to  1952  approximately  540,000 

ins  of  barite  valued   at   about  $3,650,000  have  been 

ed  in  the  state.  In  recent  years  the  annvial  eonsump- 

ion  of  barite  in  California  has  been  in  the  range  of 

1,000  to  100,000  tons.  This  is  approximately  one-tenth 

jf  the  barite  produced  annually  in  the  United  States. 

At  present  this  demand  is  being  supplied  almo.st  entirely 

ly  operators  of  barite  deposits  in  Nevada. 

Geologic   Occurrence.     Barite    (BaS04)    is   the   most 
nmon  barium  mineral.  Its  principal  industrial  uses 
item  from  its  relatively  high  specific  gravity   (4.3-4.6) 
ad  its  chemical  inertness.  Witherite  (BaCOa)   is  much 
ss  common  than  barite.  Although  barium-bearing  feld- 
pars  have  been  noted,  barium  ordinarily  is  not  a  pri- 
ary  constituent  of  igneous  rocks.  Commercial  deposits 
of  barite  occur  as    (1)    residual  deposits  derived  from 
ftrite-bearing    rocks,     (2)     replacements    of    limestone, 
Idolomite  or  shale,  and  (3)  fracture  fillings.  Most  of  the 
Ibaritc  produced  in  the  United  States  has  been  obtained 
from  residual  deposits  in  Missouri   and  from  shale-re- 
placement deposits   in   Arkansas.   All   of  tlie   sustained 
I  production   of  barite   in   California   has   been   obtained 
from  bodies  that  have  apparently  replaced  limestone  or 
from  bodies  that  have  filled  fractures.  A  minor  tonnage 
if  barite   has  been   mined   from  a  residual   deposit  in 
'  alifornia. 

A  mine  in  Arkansas  has  been  the  principal  source  of 
liarite  in  the  United  States  since  1945.  The  barite  is 
being  produced  from  a  synclinal  replacement  deposit 
near  Magnet  Cove.  Carbonate-rich  zones  at  the  base  of 
tlie  Pennsylvanian  Stanley  shale  apparently  have  been 
'■placed  by  barite.  The  ore  zone  is  about  35  to  45  feet 
iiiek  and  averages  about  67  percent  BaS04.  It  is  being 
mined  by  both  underground  and  surface  methods.  The 
ire  is  beneficiated  to  meet  specifications.  In  January 
1049,  this  deposit  was  estimated  to  contain  8,400,000 
Ions  of  reserves  (Dean  and  Brobst,  1955,  p.  173). 

During  the  period  1901  to  1951,  5,219,260  tons  of 
liarite  were  produced  in  Missouri.  Most  of  the  barite  has 
lieen  recovered  from  residual  clay  derived  from  Cam- 
brian Potosi  dolomite.  The  dolomite  originally  contained 
iiarite  in  the  form  of  fracture  and  cavity  fillings,  and 
weathering  of  the  dolomite  left  the  relatively  insoluble 
liarite  dispersed  in  residual  clay.  The  deposits  are  strip- 
mined  and  hauled  to  washing  plants  for  concentration. 
In  1952,  68,062  tons  of  barite  were  produced  in  Ne- 
\  ada.  An  area  near  Battle  Mountain  has  been  the  source 
nf  most  of  the  production.  The  major  deposits  in  this 
:irea  have  partly  replaced  limestone  along  sliear  zones. 
The  mines  are  exploited  by  open  pit  methods.  Some  of 
the  ore  has  to  be  up-graded  by  screening.  These  deposits 
have  been  estimated  to  contain  at  least  2h  million  tons 
of  barite   (Arundale,  1956,  p.  89). 

California  Barite.  Barite  is  a  very  common  gangue 
mineral  in  vein  deposits  and  occurs  widelv  throughout 
the  state  (Murdoch  and  Webb,  1948,  p.  64).  The  ac- 
lompanying  map  shows  the  locations  of  barite  mines  in 
tlie  state  that  have  yielded  recorded  quantities  of  barite. 
The  five  mines  marked  with  an  X  have  contributed  most 


of  the  barite  mined  in  California.  Of  these  five,  the  El 
Portal  mine  in  Mariposa  County  has  yielded  approxi- 
mately 400,000  tons  or  about  three-fourths  of  the  total 
production.  Two  of  the  smaller  mines  yielded  about 
17,000  to  20,000  tons  of  barite,  and  two  had  a  recorded 
total  yield  of  about  35,000  tons.  All  of  these  five  deposits 
occur  in  the  Calaveras  formation  of  Carboniferous  ( ? ) 
age  in  the  Sierra  Nevada. 

The  deposit  near  El  Portal,  Mariposa  County,  which 
is  reported  to  have  been  discovered  and  first  mined  in 
the  1880 's,  (Fitch,  1931,  p.  461)  is  unusual  in  that  it  has 
also  yielded  commercial  quantities  of  witherite.  The 
barite-witherite  bodies  appear  to  have  replaced  limestone 
layers  in  an  isoclinally  folded  sequence  of  metasedimen- 
tary  rocks  that  are  part  of  the  Calaveras  formation  of 
Carboniferous(  ?)  age.  The  ore  bodies  are  as  much  as 
20  feet  thick  and  have  been  traced  for  3  miles.  They  have 
attitudes  parallel  to  those  of  the  enclosing  metasedimen- 
tary  rocks  which  strike  about  north  and  dip  steeply. 

Apparently,  the  barite  deposits  were  formed  by  re- 
placement of  beds  of  limestone  by  barium-bearing  min- 
erals derived  from  solutions  that  originated  in  the 
magma  that  formed  underlying  granitic  rocks.  The 
contact  between  granite  and  metasedimentary  rock  lies 
to  the  north.  The  barite  deposits,  in  a  distance  of  about 
1  mile  along  the  strike  grade  from  barite  to  witherite  to 
crystalline  limestone  to  calc-silicate  rocks  at  the  contact. 
Three  barite  bodies  are  known :  two  of  them  have  be^n 
mined.  Both  of  these  are  exposed  in  the  walls  of  tlie 
west-trending  canyon  of  the  Merced  River.  The  eastern 
body  has  been  mined  mosth-  north  of  the  river  and  the 
western  body  has  been  mined  wholly  south  of  the  river. 
Underground  mining  methods  have  been  used  most  in 
the  development  of  the  mine.  The  mined  material  was 
white  and  granular,  averaged  about  80  percent  BaS04 
and  20  percent  silica,  and  had  to  be  beneficiated  to  meet 
specifications.  The  mine  was  active  almost  continuously 
from  1910  to  1948.  It  has  been  inactive  since  1948. 

About  70,000  tons  of  barite  have  been  produced  in 
Nevada  County.  During  the  1920 's  the  Democrat  mine 
near  Alta  was  the  principal  source  of  barite  in  the  state. 
The  mine  workings  consist  of  a  large  open-cut  about  200 
feet  long,  50  feet  wide,  and  30  feet  deep.  The  open-cut 
is  parallel  to  the  trend  of  the  barite  veins  which  strike 
N.  5°  E.  and  dip  65°  to  the  west.  The  barite  veins  ap- 
parently occur  as  bedding  plane  fracture  fillings  in 
deeply  weathered  metasedimentary  rocks  of  the  Cala- 
veras formation.  Two  veins  are  exposed :  the  western 
vein  is  about  30  feet  wide  and  was  the  main  source  of 
the  ore ;  the  eastern  vein  is  about  7  feet  wide.  The  wall 
rock  has  been  altered  near  the  contacts  with  the  barite 
veins,  and  the  veins  are  brecciated  near  the  contacts. 
Most  of  the  barite  remaining  in  the  deposit  is  granular 
and  dark  gray.  About  35,000  tons  of  barite  have  been 
shipped  from  this  mine.  The  deposit  has  been  idle  since 
1930. 

The  Spanish  mine  near  Graniteville,  Nevada  County, 
was  worked  from  1930  to  1945  and  reopened  in  1955. 
It  yielded  about  35,000  tons  of  barite  previous  to  1955. 
Two  veins  of  barite,  which  are  as  much  as  3  feet  thick, 
are  exposed  at  the  surface.  They  strike  about  N.  5°  W. 
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DEPOSITS 

1.  Barstow  area,  San  Bernardino  County 

2.  Cameron  mine  (Synthetic  Iron  Color  Company  mine), 
Plumas  County 

3.  Camp  Nelson  mine,  Tulare  County 

4.  Democrat  mine,  Nevada  County 

5.  Devils  GuIcK  mine  (EgenhofF  claims),  Mariposa 
County 

6.  El  Portal  mine,  Mariposa  County 

7.  Fremont  Peak  mine,  San  Benito  County 

8.  Gunter  Canyon  mine,  Inyo  County 

9.  La  Brea  mine,  Santa  Barbara  County 

10.  Loftus  Claims  (Glidden  Co.  mine),  Shosta  County 

11.  Paso  Baryta  (Nine  Mile  Canyon  areo),  Tulare  County 

12.  Red  Hill  mine.  Orange  County 

13.  San  Dimos  Canyon  mine,  Los  Angeles  County 

14.  Savercool  mine,  Plumas  County 

15.  Spanish  mine,  Nevada  County 

16.  Sulphide  Queen  mine,  San  Bernardino  County 

SYMBOLS 
X  Mines  which  produced  at  least  17,000  tons  of  borite 
•  Mines  which  produced  less  than  17,000  tons  of  borite 


ME"'' 


Figure  1.     Index  map  of  California  showing  locations  of  barite  deposits  with  recorded  production. 


and  dip  30°  east  in  apparent  conformity  with  attitudes 
of  surrounding  metasedimentary  rocks  of  the  Calaveras 
formation. 


The  barite  veins  are  brecciated  near  the  contacts  with 
the  enclosing  metasedimentary  rocks.  In  the  period  1930 
to  1945  the  barite  was  mined  by  underground  methods. 
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HORIZONTAL      SCALE 

Figure  2.  Cross-section  of  typical  barite 
vein  at  the  Barium  Queen  mine,  Barstow  area, 
San  Bernardino  County.  After  Durrell,  C,  195i. 

Apparently  the  two  veins  joined  at  depth  and  increased 
in  thickness  to  as  much  as  12  feet.  In  1955  the  barite 
was  mined  by  open  pit  methods.  As  exposed  at  a  depth 
below  the  former  surface  of  about  100-150  feet,  the 
l)arite  body  is  about  12  feet  thick  and  has  a  strike  length 
of  about  75-100  feet.  It  dips  45  degrees  to  the  east  and 
strikes  N.  10°  E.  It  was  being  mined  in  benches,  each 
bench  being  about  6-10  feet  high.  The  barite  was  crushed 
10  minus  1  inch  at  the  mine,  and  trucked  41  miles  to 
the  railroad  at  Colfax. 

The  Synthetic  Iron  Color  Company  mine  near  Green- 
ville, Plumas  County,  yielded  about  17,000  tons  of 
barite  from  1932  to  1936.  The  barite  was  obtained  from 
a  lenticular  body  which  measured  about  175  feet  long, 
as  much  as  30  feet  wide,  and  about  60  feet  in  down-dip 
dimension.  The  lens  had  a  north  strike  and  dipped  45° 
to  60°  to  the  west.  It  was  composed  of  white,  granular 
barite  and  apparently  occurred  as  a  limestone-replace- 
ment bod}'.  Horses  of  limestone  and  quartzite  were  en- 
lountered  during  mining  of  the  lens  (oral  communica- 
tion, Donald  R.  Irving,  1953).  The  mine  was  developed 
1)}'  both  open  pit  and  underground  methods. 

The  Synthetic  Iron  Color  mine  is  adjoined  to  the  south 
by  the  Savercool  mine  which  operated  from  1946  to  1953 
and  yielded  about  20,000  tons  of  barite.  The  barite 
occurs  as  a  lenticular  body  which  has  replaced  limestone 
in  Calaveras  slate.  The  lens  and  the  surrounding  rocks 
strike  N.  30°  W.  and  dip  65°  "to  the  southwest.  The 


barite  body  was  from  8  to  12  feet  wide  and  300  feet  or 
more  long,  and  measured  at  least  60  feet  in  a  down-dip 
dimension.  It  was  mined  by  underground  methods. 

The  Nevada  and  Plumas  County  mines  described  in 
the  preceding  paragraphs  were  high-grade  deposits.  In 
general  the  ore  averaged  from  96  to  99  percent  BaS04 
with  an  extremely  low  iron  oxide  content.  Thus  despite 
the  small  size  of  the  deposits,  relatively  costly  mining 
methods,  and  accessibility  of  the  deposits,  they  were 
commercial  because  of  the  high  proportion  of  barite. 

Minor  production  of  barite  has  been  recorded  from 
the  following  properties :  Barstow  area,  San  Bernardino 
County;  Camp  Nelson  barite  mine,  Tulare  County; 
Devils  Gulch  mine  (Egenhoff  claims),  Mariposa  County; 
Fremont  Peak  mine,  Monterey  County;  Gunter  Canyon 
mine,  Inyo  County;  La  Brea  mine,  Santa  Barbara 
County;  Loftus  claims  (Glidden  Company  mine), 
Shasta  County;  Paso  Baryta  mine  (Nine  Mile  Canyon 
area),  Tulare  County;  Red  Hill  mine.  Orange  County; 
San  Dimas  Canyon  mine,  Los  Angeles  County ;  Svilphide 
Queen  mine,  San  Bernardino  County.  Most  of  the  barite 
at  these  properties  occurs  as  limestone-replacement  or 
fracture-filling  bodies  which  are  sufficiently  rich  to  be 
mined  for  their  barite  content  alone.  Barite  at  the  Camp 
Nelson  mine  occurs  as  residual  deposits  concentrated  by 
weathering  and  erosion  of  baritic-limestone  of  the  Cala- 
veras ( ? )  formation.  Barite  from  the  Sulphide  Queen 
mine  has  been  produced  as  a  by-product  from  the  con- 
centration of  rare-earth  minerals  which  occur  in  barite- 
carbonate-quartz  veins.  A  portion  of  production  from 
the  Barstow  area  has  come  from  reworked  tailings  piles 
of  barite-silica  veins  which  were  mined  and  milled  for 
their  silver  content  in  the  late  1890 's  and  early  1900 's. 

The  influx  of  great  quantities  of  barite  into  California 
from  Nevada  has  hindered  barite  mining  in  California. 
Most  of  the  Nevada  barite  has  been  obtained  from  open- 
pit  operations  of  lime.stone-replacement  deposits  of  con- 
siderable size.  Despite  a  freight  rate  of  about  .$6.00  per 
ton,  the  shipment  of  barite  from  Nevada  to  California 
has  proved  economical  because  of  the  quality  and  ((uan- 
tity  of  the  deposits  and  the  ease  with  which  they  are 
mined. 

In  past  years  barite  deposits  containing  17,000  tons  or 
more  of  96  percent  BaS04  have  had  sustained  commer- 
cial production.  Smaller  deposits  have  yielded  barite  in 
limited  quantities  when  the  demand  was  great  and  the 
price  was  high. 

Three  mines  were  yielding  small  quantities  of  barite 
in  1954;  the  Camp  Nelson  barite  mine,  a  mine  in  the 
Paso  Baryta  area,  and  a  mine  in  the  Barstow  area. 
Barite  from  the  mine  in  the  Barstow  area  was  stockpiled 
at  the  mine.  Barite  from  the  other  two  mines  was  utilized 
in  oil-well  drilling  fluids  and  as  fillers. 

In  1955  the  Spanish  mine  was  reopened.  It  was  mined 
by  open  pit  methods  and  the  barite  produced  was  util- 
ized in  oil-well  drilling  fluids.  The  mine  was  closed  in 
the  late  fall  of  the  year. 

Late  in  1956,  the  Nine  Mile  Canyon  deposit  was  re- 
opened and  the  barite  was  being  concentrated  by  jigging 
in  a  mill  at  Linnie  Station. 

Utilization  and  Markets.  In  1953  the  barite  con- 
sumed in  the  United  States  totaled  about  1,135,862  tons. 
The  oil-well  drilling  mud  industry  consumed  72  percent, 
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FiGl'RK  .'!.  Coarsely  crystalline  barite  from  Barium  Queen  mine, 
Barstow  area.  San  Bernardino  County.  Scale  is  5  cm  long.  Photo 
by  Mary  IIUI. 

14  percent  was  u.sed  in  the  manufacture  of  barium 
chemicals,  and  4  percent  was  used  in  the  manufacture 
of  lithopone,  a  white  pifjment  composed  of  approxi- 
mately 70  percent  barium  sulfide  and  30  percent  zinc 
.sulfide.  The  remaining  10  percent  was  used  in  the  manu- 
facture of  glass,  as  a  filler  in  paint  and  rubber,  as  a 
dense  aggregate  in  concrete,  and  other  miscellaneous 
uses  (Arundale,  1956,  p.  89). 

Approximately  60  to  70  percent  of  the  100,000  tons 
of  barite  consumed  annually  in  California  is  used  in 
oil-well  drilling  muds.  Principally  because  of  its  inert- 
ness, high  specific  gravity,  and  relatively  low  cost,  barite 
is  used  as  a  weighting  agent  in  drilling  muds  when  ab- 
normal gas  and  oil  pressures  must  be  contained.  The 
crude  ore  is  shipped  to  grinding  plants,  ground  so  that 
95  percent  passes  325  mesh,  and  bagged.  Some  of  the 
grinding  plants  require  crude  barite  no  greater  than  1 
inch  in  diameter.  A  specific  gravity  of  4.2  is  the  princi- 
pal specification  for  barite  used  in  drilling  fluids.  Speci- 
fications for  color,  iron  content,  and  content  of  BaS04 
are  flexible  if  4.2  specific  gravity  can  be  attained. 

The  chemical  industry  consumes  the  bulk  of  the  re- 
mainder of  the  barite  used  in  California.  In  general, 
barite  with  a  minimum  of  94  percent  BaS04,  a  maximum 
of  1  percent  iron,  and  no  more  than  a  trace  of  fluorine 
is  accepted  as  chemical  grade.  Crude  barite  is  brought 
to  the  industry,  ground  to  80  mesh,  and  processed  to 
make  barium  chemicals.  Bariiim  oxide,  peroxide,  hy- 
drate, nitrate,  sulfide,  sulfate  and  carbonate  and  sodium 
sulfite  and  polysulfide  are  produced  by  the  barium 
chemical  industry  in  California. 

Minor  quantities  of  barite  are  consumed  in  the  glass 
and  filler  industries.  Glassmakers  usually  specify  a  ma- 
terial containing  a  minimum  of  98  percent  BaS04, 
maximum  Si02  0.15  percent,  AI2O3  0.15  percent,  and 
FeoO.?  0.15  percent.  Usually  the  color-conscious  filler  in- 
dustry requires  a  white  material  as  well  as  one  of  chemi- 
cal grade. 

Prices  for  crude  barite  in  California  have  fluctuated 
from  a  low  of  about  $1.50  per  ton  in  1914  to  the  current 


Figure  4.     Typical  barite-silica  vein  material  from  the  I'.arslow  . 
area,  San  Bernardino  County.  Bladed  crystals  are  barite.  Scale  is 
5  cm  long.  Photo  by  Mary  Hill.  ! 

level  of  $14.00  to  $16.00  per  ton  for  90  to  98  percent 
BaS04  delivered  to  grinding  plants.  The  average  price 
has  been  about  $6.00  per  ton.  A  large  percentage  of  the 
barite  produced  in  California  has  been  obtained  from 
operations  controlled  by  the  consumers,  and  therefore 
the  true  market  value  for  crude  barite  is  difficult  to 
establish.  Barite  ground  to  325  mesh  for  use  in  oil-well 
drilling  fluids  sells  for  approximately  $40.00  per  ton  at 
the  utilization  centers.  If  it  has  been  bleached  for  use  in 
paint,  glass,  or  as  fillers,  the  cost  is  about  $8.00  a  ton 
higher. 

Oil-well  drilling  fluid  companies,  barium  chemical 
companies,  and  industrial  mineral  grinding  plants  are 
potential  buyers  of  crude  ore.  Most  of  these  companies 
desire  ore  not  greater  than  1  inch  in  diameter,  though 
some  use  lump  ore  as  much  as  10  inches  in  diameter. 
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BERYLLIUM 

By  Lauren  A.  Wright 


The  mineral  beryl,  which  is  the  only  commercial 
lurce  of  beryllium  metal,  is  widely  but  very  sparsely 
istributed  in  pegmatite  bodies  in  southern  California, 
id  has  been  mined  as  a  gem  stone  at  some  of  them, 
one  of  the  beryl  deposits  in  California  has  yet  proved 
eh  enough  to  be  mined  as  a  source  of  beryllium. 

Most  of  the  beryl  that  is  consumed  domestically  is 
rought  into  the  United  States  from  foreign  sources.  The 
etal,  which  has  several  unusual  properties  and  numer- 
is  useful  applications,  is  employed  mainly  as  an  alloy. 

Mineralogy  and  Occurrences.    Beryl  (Be3Al2(Si60is) ) 

icurs  as  hexagonal  crj^stals  and  as  irregular  masses,  is 

ansparent  to  subtranslueent,  and  generally  is  colored 

reen  or  blue;  less  commonly  it  is  colorless,  pale  yellow 

r  pale  rose.  It  has  a  glassy  to  distinctly  greasy  luster,  a 

)nchoidal  to  uneven  fracture,  a  hardness  of  7.5-8  (Mohs' 

I'ale),  and  a  specific  gravity  of  2.6  to  2.8.  It  closely 

"sembles  quartz,  but  in  general  shows  more  color  and  a 

(ire  greas}-  luster  than  the  colorless  to  milky  quartz  with 

hich  most  beryl  is  associated.  Although  a  BeO  content 

f  14  percent  characterizes  theoretically  pure  beryl,  the 

lineral  generally  contains   10   to   12   percent   BeO,   as 

Ikalies    commonly    substitute    for    some    of   the   beryl- 

um.     Other    beryllium-bearing    minerals     exist     (e.g. 

henacite    (Be2Si04),    chrvsoberyl    (BeAlo04),    helvite 

l{4Be.,SisO„.S),  gadolinite^^CBesFeY.SioOu.),  and  beryl- 

JDnite  (NaBeP04),  but  none  of  these  constitutes  a  pres- 

fnt  commercial  source  of  beryllium. 

Beryl  generally  occurs  as  a  primary  constituent  of 

ranitic  pegmatite  bodies.  It  also  exists,  although  much 

ss  abundantly,  in  veins  and  disseminations   (most  of 

hich   appear  to   be   genetically  related   to   pegmatite 

I  "dies)  and  in  certain  occurrences  of  finer  grained  gra- 

itic  rocks.  Beryl  is  uncommon,  and  even  pegmatite  that 

■  a  commercial  source  of  beryl  rarely  contains  more 

lian  1  percent  of  the  mineral. 

Beryl  occurs  in  various  places  in  the  pegmatite  bodies, 

lit  the  larger  crystals  and  masses  generally  have  been 

>und  in  the  interior  parts.  At  a  few  localities,  beryl 

1  asses  of  many  tons  have  been  encountered,  but  the 

•ryl  recovered  in  most  operations  consists  of  crystals 

lid  masses  within  the  range  of  1  inch  to  18  inches  in 

iameter.  Smaller  grains  of  beryl  are  rather  evenly  dis- 

libuted  through  large  parts  of  some  pegmatites,  but 

'•posits  of  this  type  are  uncommon.   The  commercial 

■t'overy  of  this  finer  grained  beryl  awaits  the  develop- 

leiits  of  a  successful  method  of  beneficiation. 

.V  pegmatite  district  in  the  Black  Hills  of  South  Da- 

ita  (Page  and  others,  1953),  has  been  the  principal 

'imestie  source  of  beryl.  The  largest  of  the  known  do- 

ii>stic  reserves  exist  in  the  tin-spodumene  belt  of  North 

arolina  (Griffitts,  1954),  but  the  beryl  in  these  deposits 

generally  too  fine-grained  to  be  concentrated  by  hand. 

nice   1951,   the   most   productive   single   operation    for 

ryl  in  the  United  States  has  been  the  Harding  mine, 

')rthern  New  Mexico,  where  huge  beryl  masses,   each 

iiiitaining  several  tons  to  several  tens  of  tons  of  nearly 

Hire  material,  have  been  developed.  Beryl  also  has  been 

'■covered  from  pegmatites  in  at  least  13  other  states. 


Domestic  sources,  however,  have  yielded  no  more  than 
a  few  hundred  tons  of  the  several  thousand  tons  of 
beryl  ore  that  has  been  purchased  annually  in  the  United 
States  in  recent  years.  Considerably  moi-e  than  half  of 
the  free  world's  output  is  obtained  from  pegmatites  in 
Brazil,  Southern  Rhodesia,  and  Argentina. 

Of  the  known  non-pegmatite  occurrences  of  beryllium 
in  the  United  States  the  helvite-bearing  contact  meta- 
morphic  deposits  at  Iron  Mountain,  southwestern  New 
Mexico  (Jahns.  1944),  probably  are  of  the  greatest  com- 
mercial interest.  These  contain  reserves  estimated  at 
184,000  tons  that  average  about  0.2  percent  BeO,  and 
4,500  tons  that  averages  about  0.7  percent  BeO,  but 
the  economic  extraction  of  the  beryllium  remains  an  un- 
solved problem.  As  the  helvite  at  this  locality  previously 
had  been  mistaken  for  garnet,  one  should  not  discount 
the  possible  existence  of  previously  undetected  helvite 
and  associated  beryllium-bearing  minerals  in  contact 
metamorphic  deposits  that  occur  in  California  and  else- 
where. 

Localities  in  California*  Beryl  has  been  noted  in  a 
large  number  of  the  pegmatite  dikes  in  California,  but 
from  none  of  them  has  it  been  recovered  commercially 
except  as  a  gem  stone  (see  section  on  gem  stones  in  this 
volume).  Moreover,  only  a  very  small  part  of  the  beryl 
content  of  the  pegmatites  is  of  gem  quality.  Among  the 
more  beryl-rich  pegmatites  in  the  state  are  those  of 
western  Riverside  County,  but  even  these  have  not  been 
shown  to  contain  more  than  a  small  fraction  of  1  per- 
cent of  the  mineral. 

Most  of  the  observed  beryl  in  California  occurs  as 
well-formed  cr^-stals  associated  with  coarse  pegmatite  in 
the  interior  zones  of  the  dikes,  but  anhedral  masses  of 
beryl  have  locally  formed  in  the  wall  zones.  Most  of  the 
beryl  in  any  one  of  the  pegmatite  bodies  is  confined  to 
a  single  zone.  Most  of  the  beryl  crystals  and  masses  are 
colored  pale  green  to  pale  blue,  and  range  from  a  small 
fraction  of  an  inch  to  several  inches  in  maximum 
dimension. 

Beryl-bearing  stringers  have  been  noted  at  localities 
5  to  6  miles  east  of  Lone  Pine  in  the  Owens  Valley 
region  of  Inyo  County.  These  stringers  seem  to  be  ge- 
netically related  to  nearby  pegmatite  bodies,  and,  indeed, 
many  appear  to  be  composed  of  fine-grained  pegmatitic 
material.  Most  of  them  are  enclosed  by  ordinary  granitic 
rocks.  The  stringers  exist  as  fracture-fillings  mostly  -n, 
inch  to  4  inches  thick,  and  consist  of  muscovite.  quartz, 
and  beryl,  with  or  without  epidote  and  fluorite.  In  gen- 
eral, they  are  so  widely  spaced  as  to  preclude  a  large- 
tonnage  removal  of  rock  that  would  average  more  than 
0.2  percent  beryl. 

Very  small  percentages  of  beryllium  have  been  noted 
in  spectrographic  analyses  of  samples  from  tactite  bodies 
and  associated  igneous  rocks  in  the  Pine  Creek  and 
Tungsten  Hills  area  of  Inyo  County.^  In  the  late  1940 's, 

•  Much  ot  the  information  in  the  following  discussion  has  been 
kindly  furnished  by  Dr.  R.  H.  Jahns,  Professor  of  Geology,  Cali- 
fornia Institute  of  Technology. 
1  The  information  in  this  and  the  following  paragraph  was  kindly 
furnished  by  Wallace  R.  GrifHtts,  Geologist,  U.  S.  Geological 
Survey. 
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the  U.  8.  Geological  Survey  sampled,  in  a  preliminary 
manner,  such  rocks  at  several  tungsten  properties  in 
this  area.  The  samples,  abovit  46  in  number,  ranged  from 
less  than  .0001  percent  to  .0045  percent  in  BeO.  Those 
from  the  Little  Sister  and  Pine  Creek  mines  were  con- 
sistently the  highest  in  BeO,  but  averaged  only  about 
.0002  percent.  Lower  BeO  averages  were  shown  in 
analyses  of  samples  from  the  Aeroplane  (Moonlight) 
and  Round  Valley  mines  and  the  Yancy  prospect.  Two 
tailings  samples  from  the  Tungstar  mine — one  from  an 
older  pile  and  another  from  a  younger  pile — contained 
.0058  and  .0021  percent  BeO  respectively. 

The  form  in  which  the  beryllium  occurs  in  these  de- 
posits has  not  been  determined.  In  the  tactite  bodies  it 
probably  is  dispersed  through  the  common  silicate  min- 
erals, and,  therefore,  would  have  to  be  separated  chemi- 
cally rather  than  mechanically.  If  beryllium  or  a 
beryllium-bearing  mineral  could  be  concentrated,  even 
as  a  by-product,  the  lowness  of  the  grade  would  still 
make  the  procedure  non-economic  with  respect  to  the 
present  price  of  beryllium. 

Mining  Methods  and  Treatment.  Mo.st  commercial 
beryl  has  been  recovered  as  a  by-product  or  coproduet  of 
other  pegmatite  minerals  from  which  it  ordinarily  is 
hand-cobbed.  Such  minerals  are  recovered  in  both  under- 
ground and  surface  operations.  As  a  minimum  of  8  per- 
cent BeO  generally  is  specified  by  purchasers,  and  as 
the  price  per  unit  increases  with  increasing  BeO  content, 
the  sorting  must  be  very  carefully  done. 

An  economic  method  for  the  recovery  of  beryl  that 
is  too  fine-grained  to  be  hand  sorted  has  been  sought 
since  the  early  1940 's,  mainly  in  the  laboratories  of 
the  U.  S.  Bureau  of  Mines.  A  flotation  method  (Runke, 
1954)  has  proved  moderately  successful  on  an  experi- 
mental basis,  but  in  1955  beryl  beneficiation  remained 
to  be  placed  on  a  commercial  scale. 

Beryllium  is  now  recovered  by  a  procedure  that  in- 
volves ( 1 )  the  production  of  beryllium  oxide  from  beryl, 
(2)  the  dissolving  of  beryllium  oxide  in  an  aqueous 
solution  of  acid  ammonium  fluoride,  (3)  a  heating  of 
the  resulting  ammonium  beryllium  fluoride  from  a 
beryllium  fluoride  residue,  and  (4)  a  reduction  of  this 
residue,  with  a  stoichiometric  deficiency  of  magnesium, 
in  a  graphite-lined  furnace  at  about  1300  degrees  C. 
The  oxide  generally  is  produced  by  either  of  two  meth- 
ods. In  one,  fine-ground  beryl  is  sintered  with  sodium 
ferric  fluoride  at  about  750  degrees  C. ;  sodium  beryllium 
fluoride  is  water-leached  from  the  sintered  cake;  and 
beryllium  hydroxide  is  precipitated  when  sodium  hydrox- 
ide is  added  to  the  solution.  In  the  other  method,  the 
beryl  is  fused  at  about  1625°  C.  and  quenched  in  water 
to  form  a  glass  which  is  then  ground,  mixed  in  sulfuric 
acid  and  heated.  Beryllium  and  aluminum  silicates  are 
then  leached  with  water,  the  aluminum  is  converted  to 
ammonium  alum,  and  beryllium  hydroxide  is  precipi- 
tated with  the  addition  of  sodium  hydroxide.  The  beryl- 
lium hydroxide,  thus  produced  by  either  method,  can 
be  ignited  to  form  beryllium  oxide  or  can  be  iised  in 
the  preparation  of  other  beryllium  compounds. 

The  production  of  beryllium  and  beryllium  com- 
pounds in  the  United  States  centers  almost  entirely 
about  plants  east  of  the  Mississippi  River.  No  beryllium- 
processing  plants  are  in  California. 


Utilization.  Beryllium  is  a  useful  metal  mainly  be- 
cause it  has  a  low  specific  gravity  (about  1.8),  a  high 
modulus  of  elasticity  (about  40,000  psi),  and  a  high 
melting  point  (1285°  C),  and  because  it  serves  as  a 
hardening  and  strengthening  agent  in  various  alloys. 
In  recent  years  from  80  to  90  percent  of  the  beryllium 
consumed  domestically  has  been  used  in  alloys,  especially 
beryllium-copper  alloys  to  which  83  percent  of  the  na- 
tion's beryl  consumption  was  channeled  in  1953.  Copper 
that  is  alloyed  with  about  2  percent  beryllium  and  heat 
treated  is  about  6  times  stronger  than  pure  copper. 
Copper-beryllium  alloys  are  used  in  such  articles  as 
bushings,  shims,  contact  points,  current-carrying  springs,  i 
and  non-sparking  tools.  Other  beryllium-bearing  alloys  1 
include  berylliiim-zinc,  ticonium  (Be-Ni-Co-Cr-Mo).  ' 
beryllium-nickel,  beryllium-platinum,  beryllium-steel, 
beryllium-aluminum,  and  beryllium  magnesium,  but 
their  use  has  been  very  limited.  , 

At  ordinary  temperatures  beryllium  metal  is  very  I 
brittle  and  unsuited  to  cold-working.  This  property.  ' 
which  is  possibly  attributable  to  traces  of  impurities, 
has  hindered  the  use  of  the  metal.  It  can  be  worked, 
however,  at  temperatures  above  800° C.  As  beryllium  has 
a  high  X-ray  transmission  factor,  thin  plates  of  the 
metal  are  used  in  X-ray  tube  windows.  In  the  atomic 
energy  field,  it  is  used  as  a  moderator  and  reflector  of 
neutrons  emitted  during  the  fission  of  U-235  and  plu- 
tonium,  and  for  other  purpo.ses  for  which  data  are  re- 
stricted by  security  regulations.  In  mid-1956,  the  U.  S. 
Atomic  Energy  Commission  contracted  with  the  two 
large  domestic  producers  of  beryllium  for  1,000,000 
pounds  of  reactor-grade  metal  to  be  delivered  over  a  5- 
year  period. 

As  beryllium  oxide  has  high  dielectric  strength 
through  a  wide  range  of  temperatures,  and  high  resist- 
ance to  thermal  shock,  it  has  an  important  but  limited 
vise  as  a  refractory  in  small,  high  temperature  electric 
furnaces  and  nuclear  power  plants,  as  well  as  in  porce- 
lains for  aircraft  spark  plugs  and  ultra-high-frequency 
electrical  insulators.  The  oxide  also  has  numerous  other 
minor  applications. 

The  most-used  beryllium  salt  is  beryllium  nitrate 
which  is  employed  with  thorium  nitrate  in  incandescent 
gas  mantles.  Beryllium  chloride,  sodium-beryllium  flu- 
oride, and  beryllium  halides  have  very  minor  applica- 
tions. 

Markets  and  Prices.  More  than  90  percent  of  the 
domestic  output  of  beryllium  metal,  alloys  and  com- 
pounds are  produced  by  two  companies — the  Beryllium 
Corporation,  Reading,  Pennsylvania;  and  the  Brash 
Berj'llium  Company,  Cleveland,  Ohio.  These  companies 
and  the  General  Services  Administration  constitute  the 
principal  markets  for  beryl  ore  in  the  United  States, 
although  relativelj'  small  amounts  of  the  mineral  are  pur- 
chased by  other  manufacturing  concerns  (see  recent 
editions  of  Minerals  Yearbook),  and  by  mineral  brokers. 

Since  early  in  1953,  the  quoted  price  (E.  &  M.  J. 
Metal  and  Mineral  Markets)  for  domestic  beryllium  ore, 
f.o.b.  mine,  Colorado,  has  remained  at  $46  to  $48  per 
short  ton  unit  of  BeO  contained  in  10  to  12  percent  ore, 
but  much  higher  prices  commonly  have  prevailed  in 
actual  sales  during  this  period. 
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Figure  1.  Specimens  of  sreen  prismatic  beryl  in  quartz  from  tlie  El  Molino  gem 
mine,  Pala  district,  San  Diego  County.  Larger  specimen  is  about  3  inches  across.  Photo 
by  Richard  H.  Jahns. 


I'lOURE  2.  Specimen,  showing  surface  of  beryl-bearing  vein, 
"Ml  a  locality  about  6  miles  east  of  Lone  Pine,  Inyo  County.  Beryl 
l.irk  prisms)  and  muscovite  (dark  flakes)  occupy  vein  in  granitic 
'Uiitry  rock.  Photo  hy  Richard  II.  Jahns. 


Figure  3.  Specimens,  showing  surface  (left)  and  sections 
(right)  of  beryl-bearing  vein,  from  same  locality  indicated  in 
figure  2.  Beryl  is  medium-dark  material  on  surface  of  left  specimen 
and  near  vertical  edges  of  right  specimen.  The  very  dark  vein- 
forming  material  is  muscovite.  Photo  hy  Richard  II.  Jahns. 
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In  1952,  the  General  Services  Administration  insti- 
tuted a  purchase  program  for  domestically  produced 
beryl  ore,  containing  not  less  than  8  percent  beryllium 
oxide  by  weight,  to  be  purchased  from  producers  whose 
annual  output  does  not  exceed  25  short  tons.  This  pro- 
gram originally  was  scheduled  to  extend  until  June  30, 
1955,  or  until  1,500  tons  had  been  delivered,  whichever 
occurred  first.  It  has  since  been  extended  until  June  30, 
1962  or  until  4,500  tons  has  been  purchased.  The  pro- 
gram provides  for  the  purchase  of  shipments,  on  the 
basis  of  visual  inspection  by  the  federal  government,  at 
the  rate  of  $400  per  short  dry  ton.  The  following  rates 
apply  to  sampled  and  analyzed  ore :  8  to  8.9  percent  in- 
clusive, $40  per  unit ;  9  to  9.9  percent  inclusive,  $45  per 
unit ;  10  percent  and  over,  $50  per  unit.  Persons  desiring 
to  participate  in  this  program  should  first  communicate 
with  the  G.S.A.  Beryl  mined  in  California  and  sold  to 
the  G.S.A.  probably  would  be  purchased  at  the  nearest 
beryl  depot,  which  is  in  Custer,  South  Dakota.  Although 
beryl  is  one  of  the  minerals  for  which  exploration  loans 
may  be  granted  by  the  Defense  Minerals  Exploration 
Administration,  no  loans  in  this  category  had  been 
granted  in  California  by  mid-1956. 
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BISMUTH 

Uy  Charles  W.  Ciiesterman 


The  total  production  of  bismuth  in  California  has  been 
imited  to  about  20  tons  of  bismuth  ore  produced  at  a 
•opper  mine  in  Riverside  County  in  1904.  Therefore,  in 
)rder  to  meet  current  demands  of  the  metallurgical  and 
iharmaceutical  industries,  bismuth  and  bismuth  com- 
)ouiuls  must  be  brought  into  the  state. 

Mineralogy.  Native  bismuth  and  bismuthinite  are  the 
wo  important  minerals  of  bismuth.  Native  bismuth  is 
ii'ctile,  brittle,  has  a  metallic  luster,  a  silver-white  color 
vith  a  reddish  hue,  and  occurs  associated  with  ores  of 
•obalt,  nickel  and  silver.  Bismuthinite  (BioS.'?)  is  some- 
.vhat  seetile,  has  a  metallic  hister,  lead-gray  to  tin-white 
11  color,  hardness  of  2  (Mobs'  scale),  specific  gravity  of 
i.4-6.5,  and  contains,  when  pure,  81.2  percent  bismuth. 

Other  bismuth  minerals,  which  occur  as  alteration 
)roducts  of  native  bismuth  and  bismuthinite  are :  bis- 
iiite  (bismuth  ocher,  Bi203),  96.6  percent  bismuth;  bis- 
luitite  (Bi203-C02-Il20),  80.6  percent  bismuth,  and 
lismutospharite  (Bi2(C03)  •2Bi203),  81.9  percent  bis- 
iiuth. 

General  Geology.  Bismuth  minerals  are  ordinarily 
issociated  with  minerals  that  contain  other  metals  such 
IS  copper,  gold,  lead,  silver,  cobalt,  nickel  and  tin.  The 
liismuth  minerals  occur  in  many  types  of  vein  deposits 
jand  in  metamorphosed  calcareous  sedimentary  rocks. 
fBismuthinite  is  somewhat  restricted  in  its  occurrence  to 
those  deposits  that  are  closely  related  to  igneous  rocks. 
It  is  associated  with  cassiterite,  magnetite,  sphalerite, 
galena,  chalcopyrite  and  pyrite. 

In  general,  there  are  three  classes  of  bismuth  deposits : 
1)  Bismuth-tin  deposits,  in  which  the  bismuth  minerals 
are  associated  with  tin,  copper,  tungsten  and  molyb- 
ilenum  minerals  (the  Bolivian,  Korean,  Canadian  and 
Chilean  deposits,  and  those  in  Peru),  (2)  The  bismuth- 
•obalt  deposits,  in  which  the  bismuth  minerals  are  asso- 
'iated  with  cobalt  and  uranium  (the  Saxony  deposits), 
and  (3)  The  bismuth-gold  deposits,  in  which  bismuth 
minerals  are  closely  associated  with  the  gold  in  gold- 
luartz  veins  (deposits  in  the  United  States,  New  South 
Wales,  Queensland  and  Norway). 

Virtually  all  bismuth  is  obtained  commiM-cially  from 
t  wo  sources :  ( 1 )  as  a  by-product  from  the  smelting  and 
refining  of  lead  and  other  base-metal  ores  and  concen- 
trates, and  (2)  from  ores  treated  chiefly  for  their  bis- 
muth content  and  for  one  or  two  associated  metals,  such 
as  tungsten  and  tin.  A  large  part  of  the  domestic  supply 
is  obtained  as  a  by-product  of  the  smelting  and  treat- 
ment of  domestic  and  foreign  lead  bullion  and  non- 
ferrous  ores  of  lead,  silver,  copper  and  gold.  The  princi- 
pal domestic  sources  are  the  lead-silver,  lead,  copper  and 
zinc  ores  of  the  Bisbee,  Pima  and  Big  Bug  districts  in 
Arizona;  the  Upper  San  Miguel,  Leadville,  Rico  and 
Oeede  districts  in  Colorado;  the  Coeur  d'Alene,  Warm 
Springs  and  Alder  Creek  districts  in  Idaho;  the  Butte 
ilistrict  in  Montana,  and  the  Park  City,  Tintic  and  West 
-Mountain  districts  in  Utah. 

The  principal  foreign  sources  of  bismuth  are  the  cop- 
per, lead  and  silver  deposits  of  Peru  (from  mines  oper- 
ated by  the  Cerro  de  Pasco  Corporation),  the  lead  de- 


posits of  Mexico,  the  tin  deposits  of  Bolivia,  and  a  large 
tungsten  mine  in  the  province  of  Kangwon,  southern 
Korea  (Renick,  1956,  p.  2). 

Localities  in  California.  Most  of  the  occurrences  of 
bismuth-bearing  minerals  in  California  are  associated 
with  ores  of  copper,  lead,  silver  and  tungsten.  Oxidized 
bismuth  minerals  occur  with  garnet,  epidote,  clinozoisite, 
and  other  contact  metamorphic  minerals  in  a  highly 
metamorphosed  limestone  at  the  United  Tungsten  cop- 
per mine  in  the  Moronga  district,  San  Bernardino 
County  (Hess  and  Larsen,  1922,  p.  261).  Native  bismuth 
and  several  oxidized  bismuth  minerals  have  been  re- 
ported with  arsenopyrite  and  gold  in  quartz  veins  at  the 
Big  Blue  group  of  mines,  Kern  Countv  (Prout,  1940,  p. 
413). 

In  1909,  twenty  tons  of  bismuth  ore  were  mined  at  the 
Lost  Horse,  formerly  the  Lang  copper  mine,  in  the 
Pifion  Mountain  district.  Riverside  Countj'.  The  bismuth 
occurs  in  the  form  of  a  bismuth  sulfide  associated  with 
copper  minerals  in  a  quartz  vein  that  cuts  a  pre-Cam- 
brian  (?)  foliated,  micaceous  quartzite.  The  vein  ranges 
in  width  from  a  few  inches  to  5  feet  and  has  been  pros- 
pected along  a  strike  length  of  at  least  800  feet.  The 
workings  consist  of  an  80-foot  tunnel,  a  winze  50  feet 
deep,  and  a  50-foot  drift  extending  east  from  the  bottom 
of  the  winze.  The  mine  has  been  M'orked  chiefly  as  a  gold 
property  (Tucker  and  Sampson,  1929,  p.  483). 

Native  bismuth,  bismuthinite  and  bismutite  occur  with 
tourmaline,  lepidolite  and  other  pegmatite  minerals  at 
the  gem  mines  in  Pala  (Kunz,  1903,  pp.  398-399),  Rin- 
con  (Rogers,  1910,  p.  208),  and  Jacumba  (Sanford  and 
Stone,  1914,  p.  25).  At  the  Garnet  Dike  tungsten  mine 
in  Fresno  County,  concentrates  containing  \ip  to  14 
percent  bismuth  were  obtained.  The  ore  mineral  is  bis- 
muthinite and  occurs  with  scheelite  in  a  tactite  zone 
having  the  form  of  a  vertical  chimney,  with  a  maximum 
diameter  of  about  60  feet  (Logan,  Braun  and  Vernon, 
1951,  p.  532). 

No  attempt  was  made  to  recover  the  bismuth  from  the 
tungsten  concentrates.  Moreover,  insufficient  ore  remains 
in  the  mine  to  encourage  mining  for  bismuth. 

Deposits  where  bismuth  minerals  occur  in  trace 
amounts,  varying  from  a  few  hundredths  of  1  percent  to 
a  percent  or  so,  do  not  constitute  commercial  reserves 
of  bismuth  principally  because  of  the  low  grade  of  the 
deposits  and  the  general  lack  of  recoverable  valuable 
metals  or  minerals. 

Recovery.  The  domestic  lead,  zinc  and  copper  ores 
that  contain  bismuth  are  concentrated  by  selective  flota- 
tion. At  the  smelter,  the  copper-rich  cencentrates  are 
roasted  to  eliminate  sulfiir,  and  most  of  the  lead  and 
bismuth  remain  in  the  calcine.  The  calcine  is  then 
smelted  to  a  copper  matte  which  collects  most  of  the 
bismuth  and  lead.  During  the  converter  treatment  of 
the  copper  matte  to  blister  copper,  most  of  the  lead 
and  bismuth  is  fumed  olf  and  a  small  part  carried  away 
by  the  converter  slag.  Copper  smelters  are  equipped  with 
baghouses  or  Cottrell  precipitators  to  collect  the  fumes 
and  dust.  . 
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Figure  1.     Map  showiiiK  mines  where  I'ismuth  has  been  found  in  California.  1,  Garnet  Dike  mine  area,  Fresno  County  ;  2,  United  TunKste 
Copper  mine  area,   San  Bernardino  County  ;  3,  Lost  Horse  mine,  Pinon  mining  district.  Riverside  County. 


The  bismuth  in  lead  concentrates  and  lead  ores  is 
collected  in  the  lead  bullion  during  the  lead-smelting. 
If  the  bismuth  is  present  in  excessive  amounts  in  the 
lead  bullion,  it  is  considered  a  detrimental  impurity 
and  must  be  removed  before  the  lead  can  be  used.  Sev- 
eral processes  for  removing  the  bismuth  from  lead  bul- 
lion are  in  use,  and  the  most  widely  used  processes  are : 
(1)  crystallization,  (2)  electrolytic  refining  (Betts), 
and  (3)  the  Betterton-Kroll  process.  Electrolytic  re- 
fining processes  employing  chloride  electrolyte  and  fluosi- 
licate  electrolyte  have  been  used,  and  have  not  been 
able  to  compete  successfully  with  the  pyrometallurgical 
process  which  produces  pure  bismuth  much  cheaper 
(Renick,  1956,  p  5). 

Utilization.  Bismuth  has  many  properties  which 
make  it  useful  in  many  fields.  It  melts  at  271°C,  and 
expands  3.32  times  during  solidification.  Bismuth  has  a 
low  thermal  conductivity  of  0.018  calorie  per  second  per 
cubic  centimeter  at  100° C,  lower  than  for  any  other 
metal  except  mercury.  Its  coefficient  of  expansion  at  0° 
to  100°C,  is  0.00000731.  Bismuth  has  a  surface  tension 


lower  than  that  of  any  of  the  metals  with  which  it  is 
alloj^ed,  such  as  tin,  lead,  antimony,  and  cadmium. 

The  principal  use  of  bismuth  in  the  United  States  is 
in  the  manufacture  of  alloys,  mainly  solder,  fusible 
alloys,  and  special  alloys,  all  of  which,  in  1953,  consumed 
1,026,000  pounds  of  bismuth  metal  or  65  percent  of  the 
national  consumption.  Some  of  the  special  alloj's,  such 
as  the  "eutectic"  and  "noneutectic"  alloys,  have  low 
melting  temperatures,  lower  than  that  of  pure  bismuth 
metal.  Melting  temi)eratures  for  some  eutectic  alloys 
(alloys  containing  varying  proportions  of  Bi,  Pb,  Sn, 
Cd,  Zn,  Sb,  and  In)  range  from  117°  to  390°F.  Melting 
temperatures  for  some  of  the  noneutectic  alloys  (alloys 
of  the  same  listed  metals)  range  from  64°  to  271°F.  (En- 
cyclopedia of  Chemical  Technology,  1948,  pp.  626-534). 
Some  of  the  bismuth  alloys  are  used  in  the  making  of 
precision  castings.  The  addition  of  a  small  amount  of 
bismuth  to  alloys  containing  lead  and  tin  helps  reduce 
the  surface  tension  in  the  alloy  and  thereby  producing 
sharply  defined  easting  even  when  the  percentage  of 
bismuth  is  insufficient  to  cause  the  alloy  to  expand  and 
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Fku  HE  2.  Crystals  of  bismuth  metal  made  by  remelting  bis- 
iiiith  in  the  furnaces  of  the  American  Smelting  and  Refining  Com- 
pany at  Omaha,   Nebraska.  Photo   hi/  Mary  Hill. 

liU  the  mold  upon  solidification.  Also,  the  addition  of 
\ cry  small  amounts  of  bismuth  (0.1  to  0.2  percent  of  the 
ivfight  of  the  casting)  to  either  molten  gray  or  white 
i  ion  produces  greater  fluidity  of  the  hot  alloy  and  hence 
form  cleaner,  sharper  castings.  These  low  melting  point 
alloys  are  used  in  the  manufacture  of  safety  devices 
(overhead  sprinkling  systems  in  factories,  warehouses, 
and  department  stores).  The  Cerro  de  Pasco  Corpora- 
lion  has  developed  a  number  of  bismuth  alloys  and  the 
following  are  several  of  these  alloys  and  some  of  their 
uses:  Cerromatrix — used  for  anchoring  sheetmetal 
imnches  and  dies,  bushing  in  drill  fixtures,  and  bushing 
Mild  non-moving  parts  in  machinery;  Cerrobase — used  in 
pi'cparing  master  patterns  for  foundry  match  plates,  and 
-lass-to-metal  hermetic  seal;  and  Cerrobend — used  as 
liller  to  support  tubing  during  bending  to  prevent 
wrinkles,  and  as  a  heat  transfer  medium  (Renick,  1956, 

Several  new  uses  have  been  developed  for  bismuth 
iilloys.  One  of  these  is  in  the  development  of  nuclear 
power  as  solutions  of  liquid  metals  containing  uranium, 
iliorium,  bismuth,  and  tin  have  been  found  to  be  useful 
ill  reactor  designs  (Teitel,  et  al.,  1954,  pp  14-15).  A  new 
metallic  "permanent  magnet"  alloy  of  bismuth  and 
manganese  has  been  found  to  have  the  highest  coercive 
force  of  any  known  substance  and  also  high  resistance 
to  demagnetization.  This  alloy  is  formed  as  a  powder 
and  can  be  molded  into  many  different  shapes  (U.  S. 
Xaval  Ordnance  Laboratory,  1952,  pp.  1-15). 

Bismuth  also  is  used  in  the  manufacture  of  bismuth 
compounds  which  are  widely  used  in  medical  and  cos- 
metic preparations.  This  use,  in  1953,  consumed  414,000 
pounds  of  bismuth  metal,  or  27  percent  of  the  national 
consumption.  Bismuth  subcarbonate  and  nitrate  are 
opaque  to  X-ray  and  are  taken  internally  before  X-ray 
photographs  are  made  of  the  digestive  organs.  Bismuth 
snbnitrate,  bismuth  subgallate,  and  bismuth  subsalicy- 


late are  used  extensively  in  cosmetic  jireparations,  sooth- 
ing intestinal  disorders,  and  the  treatment  of  venereal 
diseases  (Condensed  Chemical  Dictionary,  1942).  In 
addition,  some  organo-metallic  compounds  of  bismuth 
have  "anti-knock"  properties,  but  are  only  about  one- 
third  as  efficient  as  lead  compouiuls  in  this  respect  (Ren- 
ick, 1953,  p.  7). 

Marketing.  The  principal  smelters  where  refinery 
bismuth  is  produced  are  American  Smelting  and  Refin- 
ing Company,  Omaha,  Nebraska  and  Perth  Amboy,  New 
Jersey;  the  United  States  Smelting  and  Refining  Com- 
pany, East  Chicago,  Illinois;  and  the  Anaconda  Copper 
Mining  Company,  Anaconda,  Montana.  The  Cerro  de 
Pasco  Company,  Peru,  is  the  principal  foreign  source  of 
bismuth,  as  well  as  the  principal  consumer  and  importer 
of  bismuth  metal. 

Most  of  the  bismuth  alloys  used  in  California  are  pre- 
pared by  the  smelters  where  the  bismuth  is  recovered  as 
a  by-product  in  the  smelting  and  refining  of  lead-silver 
and  base-metal  ores  and  concentrates.  The  bismutli  chem- 
icals, likewise,  are  shipped  into  California  from  manu- 
facturing firms  in  the  east. 

In  1957,  the  New  York  market  quotation  on  refined 
bismuth  metal  in  ton  lots  was  $2.25  per  pound  (E  &  M  J 
Metal  and  Mineral  Markets).  Bismuth  used  in  the  phar- 
maceutical and  medicinal  trades  must  be  absolutely  free 
from  arsenic  and  have  a  purity  of  99.99  percent  (Renick, 
1953,  p.  9). 

Bismuth-bearing  concentrates  are  penalized  for  the 
bismuth  on  the  basis  of  $0.50  per  pound  of  the  metal. 
Any  concentrate  containing  as  much  as  one  percent  bis- 
muth in  the  mineral  form  would  be  considered  a  high- 
grade  concentrate.  Such  concentrates  are  readily  ac- 
cepted by  the  smelters  whose  concentrates  usually  con- 
tain around  0.1  percent  bisnuith. 
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BLACK  SANDS 


By  Melvin  C.  Stinson 


Black  sands  in  California  have  been  of  interest  to 
miners  and  prospectors  since  the  discovery  of  gold 
iiiore  than  100  j^ears  ago.  Although  for  many  years  gold 
iiid  minor  amounts  of  platinum  and  amalgams  (native 
alloys  of  mercury  with  gold  and  silver)  have  been  re- 
covered from  placer  stream  sands  in  California,  no 
ntlier  heavy  constituents  have  been  recovered  on  a  con- 
1  inning  basis  from  such  deposits.  The  possibilitj-  of 
extracting  such  other  heavy  materials  as  magnetite, 
ihnenite,  chromite,  zircon  and  garnet,  however,  has  at- 
tracted the  attention  of  numerous  persons,  and,  from 
time  to  time,  the  commercial  recovery  of  magnetite, 
iliuenite,  chromite,  and  zircon  has  been  attempted. 
These  operations  have  generally  proved  short-lived  be- 
•ause  of  the  small  reserves  of  raw  material  in  the  areas 
tested  and  a  lack  of  west  coast  market  for  the  heavy 
minerals.  Monazite,  a  heav.y  mineral  which  is  locally 
ti)undant  in  black  sands,  is  of  interest  in  California  as 
a  potential  source  of  rare  earths  and  thorium. 

Although  most  of  these  heavy  minerals,  or  the  ele- 
ments that  they  contain,  are  discussed  elsewhere  in  this 
volume,  they  are  considered  collectively  here  because 
ilie  black  sand  that  they  comprise  is,  in  a  broad  sense, 
a  single  mineral  commodity  which  can  be  mined  as 
^iich  and  then  separated  into  useful  components. 

Mineralogy  and  Geologic  Occurrences.  "Black 
sands"  is  a  term  commonly  applied  to  alluvial  deposits 
containing  appreciable  quantities  of  heavy,  dark-colored 
ifon-bearing  minerals.  In  general,  black  sands  consist  of 
hard  minerals  ranging  in  specific  gravity  from  3  to  7, 
mingled  with  small  percentages  of  metals  and  metallic 
minerals  with  specific  gravities  between  7  and  20.  Day 
and  Richards  (1906,  p.  1175),  in  an  early  studj'  of 
black  sands  in  the  placer  mining  regions  of  California, 
noted  that  the  following  minerals  occur  most  frequently 
ill  placer  sands:  magnetite,  gold,  ihnenite,  garnet,  zir- 
con, hematite,  chromite,  platinum,  iridosmine,  mercury, 
amalgam,  olivine,  iron  silicates,  pyrite,  monazite,  copper, 
cinnabar,  cassiterite,  and  corundum. 

Resistance  to  chemical  and  mechanical  weathering 
and  a  high  specific  gravity  cause  such  Ininerals  to  be 
concentrated  in  black  sand.  The  preponderance  of  mag- 
netite and  ilmenite  in  these  heavy  sands  causes  the  black 
color.  The  nature  of  the  assemblage  of  heavj'  minerals 
in  a  given  black  sand  is  determined  by  the  character  of 
tiie  source  rocks. 

The  source  rocks,  from  which  the  common  heavy 
ininerals  are  derived,  are  shown  below: 


Mineral 
Magnetite 


Tlmenite 


Most  common  source  rock 
Very  common  in  small  amounts  in  most  rocks. 
Occurs  in  abundance  in  some  nietamorphic 
rocks,  and  some  basic  igneous  roclis.  Magnetite 
is  usually  the  most  al)undant  mineral  in  black 
sands. 

Common  in  small  amounts  in  most  rocks,  often 
with  magnetite.  Abundant  in  such  rocks  as 
gabbro,  anorthosite,  and  diorite.  Ijocally  pres- 
ent  in   pegmatites   and   massive   quartz   veins 


Garnet 


Zircon 


Hematite 


Chromite ; 
platinum 
group 

Mercury  ; 
amalgam 

Olivine  ;    iron 
silicates 

Pyrite ; 

chalcopyrite 

Monazite 


In   part  extracted  from  section   by  G.   B.    Oakeshott  in   California 
Div,   Mines  Bull.   156,   1950. 


Mineral  Most  common  source  rock 

Gold  Quartz  veins  in  crystalline  rocks.  Most  of  the 

gold-bearing    quartz   veins    in    California    are 

associated  with  late  Jurassic  plutonic  rocks  of 

the   Sierra   Nevada   and  Klamath   Mountains. 

Common  in  crystalline  rocks.  Most  common  in 
mica,  hornblende,  and  chlorite  schists,  and  in 
gnei.ss ;  in  crystalline  limestones  and  in  con- 
tact zones ;  also  in  granite  and  syenite. 

Widespread  in  small  proportions  in  acidic  in- 
trusive rocks ;  most  abundant  in  granite, 
syenite,  diorite,  and  pegmatites. 

Very  widely  distributed  in  many  rock  types. 
Most  abundant  in  igneous  and  metamorphic 
rocks. 

Chiefly  in  basic  and  ultrabasic  rocks,  includ- 
ing  peridotites   and  derived   serpentine. 

In  the  gold  placer  sands  because  of  mining 
operations  and  processes. 

Common  in  basic  and  ultrabasic  igneous  rocks 
and  some  metamorphic  rocks. 

Most  common  in  association  with  metallic  ore 

deposits.    Locally    abundant    in    metamorphic 

rocks. 

An    accessory    mineral    in    granites,    gneisses, 

aplites,  and  pegmatites. 

Black  sand  occurs  in  all  water-borne  sands  and  gravels. 
When  first  broken  free  from  their  parent  rocks,  the 
heavy  minerals  form  but  a  small  percentage  of  the  al- 
luvial material,  rarely  exceeding  2  percent.  They  are 
concentrated  by  streams,  ocean  waves,  and  occasionally 
by  wind,  to  form  sands  that  locally  consist  almost  wholly 
of  heavy  minerals. 

Beach  deposits  of  black  sands  are  formed  initially, 
between  low  and  high  tide  levels,  by  the  concentrating 
action  of  the  surf  waves  which  is  most  effective  during 
storms.  Most  of  the  individual  bodies  of  black  sand  in 
beach  deposits  tend  to  be  lenticular  in  cross-section  and 
to  be  distributed  erratically.  They  are  characterized  by  a 
pinching  and  swelling,  both  vertically  and  laterally, 
which  are  controlled  largely  by  the  irregularities  of  the 
bedrock  near  the  shoreline  upon  which  the  heavy-mineral 
deposits  are  formed.  The  internal  structure  of  a  deposit 
ordinarilj'  consists  of  many  discontinuous  layers  and 
lenses  containing  quartz  and  heavy  mineral  grains  in 
various  proportions;  some  layers  consist  of  almost  pure 
quartz  sand,  whereas  other  consist  almost  entirely  of 
heavj'  minerals.  The  layers  and  lenses  range  in  thickness 
from  a  fraction  of  an  inch  to  a  foot  or  more.  Cross-bed- 
ding and  truncated  layers  are  common. 

Large  amounts  of  black  sand  have  been  artificially 
concentrated  in  the  hydraulic  tailings,  dredge  tailings, 
placer  clean-up  sands,  and  dredge  clean-up  sands  in  the 
gold  placer  districts  in  California. 

No  extensive  study  of  the  distribution  and  relative 
abundance  of  heavy  minerals  in  placer  and  beach  sand 
deposits  has  been  made  in  California  since  1905  when 
Day  and  Richards  (1906,  pp.  1175-1258)  investigated  the 
heavy  sands  in  waste  thrown  out  of  the  sluice  boxes  in 
the  clean-up  of  placer  mines.  Some  of  the  beaches  along 
the  coast  were  also  sampled  and  the  heavy  minerals 
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Tahle  1. 

ynmher  of  localities  haring  concet 
of  the  listed  heavy  minerals. 

trations 

Mineral 

Over  1000  lbs. 
per  ton  of 
black  sand 

From  500  to 

1000  lbs.  per 

ton  of  black  sand 

From  100  to 

500  lbs.  per 

ton  of  black  sand 

Magnetite 

Ilmenite 

56 
7 
4 
2 

2 

35 
19 
6 
7 
3 

36 
50 
44 

23 

13 

studied.  Tlie  results  of  this  study  appeared  as  a  table 
showing  the  concentration  of  each  heavy  mineral  in 
pounds  per  ton  of  black  sand.  Table  1  is  a  summary 
showing  the  relative  abundance  of  the  commoner  heavy 
minerals  at  182  localities  in  California. 

In  general,  the  concentration  of  magnetite  was  found 
to  be  the  highest  and  most  widespread  of  the  heavy 
minerals.  Notable  high  concentrations  of  ilmenite  and 
hematite  were  found  in  some  of  the  counties  in  the 
Mother  Lode  region  and  along  the  coast.  High  chromite 
concentrations  were  found  in  beach  deposits  along  the 
northern  coast  and  in  placer  deposits  in  western  Butte, 
Plumas,  Placer  and  Sacramento  Counties.  High  concen- 
trations of  garnet  occur  in  beach  deposits  near  Fort 
Bragg  in  Mendocino  County  and  Point  Sal  in  Santa 
Barbara  County.  Many  other  localities  are  given  and 
the  interested  reader  should  refer  to  the  original  article. 

In  summary,  streams  that  drain  areas  of  acidic  igneous 
rocks  generally  concentrate  magnetite,  ilmenite,  garnet 
zircon,  and  locally  mouazite.  Chromite,  magnetite,  and 
ilmenite  are  most  common  in  sands  of  streams  that  drain 
areas  of  basic  or  ultrabasie  igneous  rocks. 

Methods  of  Treatment.  In  recent  years  most  of  the 
world's  supply  of  heavy  minerals  has  been  obtained  from 
Australia  and  Florida  beach  sand  deposits  and  inter- 
mittently from  placer  deposits  in  Idaho.  The  methods  of 
treatment  of  the  Australian  beach  sands  is  given  in  the 
section  on  zircon  in  this  volume. 

The  beach  deposits  near  Starke,  Florida  are  largely 
silica  and  contain  about  1.3  percent  titanium  oxide 
(Eng.  &  Min.  Jour.,  May  1952,  p.  85).  The  sand  is 
mined  with  a  dredge  which  pumps  sand  and  water  to  a 
wet  plant  mounted  on  barges.  The  wet  plant  consists  of 
the  conditioner  barge,  rougher  barge,  and  a  cleaner 
barge. 

On  the  conditioner  barge  is  the  washing  and  thicken- 
ing equipment,  including  screens  and  rake  classifiers. 
The  rougher  barge  carries  the  first-stage  separation 
equipment.  The  cleaner  barge  carries  the  last  two  stages 
of  the  work  of  pi'eparing  the  concentrate  before  delivery 
to  the  final  washer.  The  three  wet  plants  contain  a  total 
of  1100  Humphreys  spirals.  Concentrates  from  the  wet 
mill  average  about  27  percent  titanium  oxide.  Of  this 
concentrate,  80  percent  is  heavy  minerals  consisting 
of  45  percent  titanium  minerals  and  15  percent  zircon. 
The  remaining  40  percent  of  the  heavy  minerals  have 
no  present  commercial  value.  The  concentrate  from  the 
wet  plant  is  dried  and  fed  by  a  screw  conveyor  for  dis- 
tribution to  28  rougher  high-tension  (40,000  volts)  elec- 
trostatic separators.  The  concentrate  from  these  sep- 
arators are  sent  to  a  magnetic  separator  for  further  in- 
vestigation. The  tailings  from  the  electrostatic  separators 


and  magnetic  separators  are  sent  to  the  zircon  concen- 
trating plant  for  further  concentration. 

In  the  Cascade  Basin  of  Idaho,  placer  sands  have  been 
mined  by  electrically  powered  dredges  which  handle 
from  4,000  to  6,000  cubic  yards  of  gravel  per  day  (24 
hours)  (Min.  Cong.  Jour.,  March  1954,  p.  83).  Endless 
chains  of  buckets  bring  the  material  to  the  surface  from 
a  maximum  depth  of  70  feet  and  the  loads  are  dumped 
at  the  rate  of  24  buckets  per  minute.  The  heavy  minerals 
are  separated  from  the  gravel  and  earth  within  the 
dredge  by  screening  and  jigging.  From  the  dredge,  the 
heavy  sand  is  trucked  to  a  separating  plant.  The  dried 
sand  is  placed  on  a  belt  and  run  through  a  series  of 
magnets  of  varying  degrees  of  intensity  to  separate  the 
ilmenite,  garnet,  monazite,  and  zircon.  From  every  4,000 
tons  of  gravel  dredged,  about  30  tons  of  heavy  sand 
concentrates  are  recovered.  This  30  tons  yields  approxi- 
mately two  tons  of  monazite,  from  20  to  25  tons  of 
ilmenite,  and  the  balance  in  zircon,  garnet,  and  silica 
(see  sections  on  abrasive  materials,  rare  earths,  thorium, 
and  zirconium-hafnium  in  this  volume). 

Production  and  Utilization.  To  date,  gold  and  the 
platinum  group  metals  have  been  the  chief  minerals  re- 
covered from  the  black  sands  of  California  (see  sections 
on  gold  and  platinum  in  this  volume).  In  black  sands 
these  minerals  generally  occur  in  fine  flakes  and  scales, 
and  much  of  the  gold  in  former-beach  deposits  is  tar- 
nished. The  tarnish,  or  "rust"  as  the  miners  call  it, 
makes  the  gold  difficult  to  save  in  the  sluice  box  and  on 
the  amalgamation  plates.  The  impression  that  gold  and 
platinum  in  black  sand  exists  in  some  peculiar  form  and 
that  they  cannot  be  recovered  by  any  known  means  is 
fairly  widespread.  That  gold  in  black  sand  concentra- 
tions is  entirely  amenable  to  cyanidation  and  chlorina- 
tion,  however,  has  been  well  demonstrated.  Satisfactory 
amalgamation  of  the  "rusty"  gold  usually  can  be  ac- 
complished by  grinding  the  material  to  scour  and 
brighten  it  so  that  it  will  be  taken  up  on  contact  with 
mercury. 

Black  sands  near  Aptos,  Santa  Cruz  County,  and  \\e- 
dondo  Beach  and  Sand  Canyon  in  Los  Angeles  County, 
have  been  marketed  because  they  contain  a  high  per- 
centage of  ilmenite  and  magnetite  (see  section  on  tita- 
nium in  this  volume).  For  many  years  the  black  beach 
sands  at  Aptos  have  been  utilized  intermittently  by 
several  companies  (Laizure,  p.  82-84).  Of  these,  the 
principal  consumer  was  the  Triumph  Steel  Company 
which  produced  sponge  iron,  briquetted  magnetite,  alloy 
steel,  and  ferrotitanium,  but  was  apparently  unable  to 
show  a  profit  in  its  operation.  The  owners  of  the  Live 
Oaks  mine  in  Sand  Canyon,  Los  Angeles  County,  op- 
erated an  electromagnetic  mill  intermittently  from 
1944-1948  to  produce  ilmenite  and  magnetite  used  for 
roofing  granules,  pigment,  and  heavy  aggregate. 

In  1926,  two  experimental  plants  at  Ilermosa  Beach 
(Gay  and  Hoffman,  1953,  p.  641)  were  using  titaniferous 
sands  from  the  beach  between  Redondo  Beach  and  Palos 
Verdes.  In  1955,  one  plant  was  producing  granules  for 
roofing  paper  from  black  sands  from  this  locality  (Gay, 
personal  communication). 

During  World  "War  II  a  private  operator  attempted 
to  recover  chromium  from  magnetite-ehromite  sands  in 
Clear    Creek    not    far    from    Hernandez,    San    Benito 
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(lunty.  The  operation  was  unsuccessful  because  the  op- 
ijrator  could  not  develop  suitable  reserves  of  chromite- 
jrich  sand. 

The  recent  interest  in  black  sands  (exclusive  of 
)reeious  metals)  has  centered  largely  about  the  possible 
recovery  of  ilmenite,  rutile,  zircon,  and  monazite.  Most 
jf  the  production  of  these  minerals  from  black  sands  in 
the  United  States  is  from  the  previously  mentioned 
Innes  near  South  Jacksonville,  Florida,  and  from  placer 
Icposits  in  the  Cascade  Basin,  Idaho. 

The  first  production  of  commercial  zircon  in  California 
was  reported  in  1937.  This  was  from  a  dragline  dredge 
iiiear  Tincoln,  Placer  County.  The  zircon  was  used  in 
i-jandblasting  and  for  experimenting  in  the  manufacture 
nf  refractories.  A  small  amount  of  zircon  was  also 
shipped  from  Lincoln  in  1941  for  use  in  steel  alloys. 

No  known  concentrations  of  monazite  sands  of  present 
jcommercial  importance  exist  in  California,  although 
'sands  near  Crescent  City  have  been  found  to  contain  as 
much  as  56  pounds  of  monazite  per  ton  of  sand  con- 
centrate; and  sands  near  Nevada  City  contained  as 
much  as  4  pounds  per  ton  of  concentrate  (Day  and 
:Richards.  1906,  p.  1185). 

Uranium  minerals  occur  in  small  quantities  in  some 
alluvial  deposits,  but  no  commercial  amounts  have  been 
discovered.  Uranoan  thorite  in  sands  along  the  beach 
between  Half  Moon  Bay  and  Monterey  was  discovered 
only  recently  (Hutton,  C.  0.,  1952,  pp.  80-90).  A  ton  of 
sand  along  these  beaches  will  yield  one  pound  of  uranoan 
I  thorite  which  contains  7  percent  uranium  oxide.  This 
concentration  is  considered  to  be  too  low  for  profitable 
extraction  at  the  present  time. 

Markets.  In  California,  no  market  exists  for  black 
>ands  as  such  but  concentrates  of  several  of  the  heavy 
minerals  can  be  sold. 

There  is  only  a  limited  market  for  magnetite  or 
hematite  sands  in  California  because  most  of  the  large 
iron  smelting  companies  use  iron  ore  from  their  own 
mines.  A  small  amount  of  magnetite  or  hematite  sand 
■ould  probably  be  sold  for  iron  ore  provided  that  it 
was  sintered  to  reduce  the  dust  loss  in  shipping  and  in 
charging  the  furnaces.  The  sintered  material  might  also 
Ije  sold  for  export  to  Japan  provided  a  sufficient  reserve 
lit'  magnetite-hematite  sand  could  be  developed.  Limited 
i|uantities  of  magnetite  or  hematite  sand  are  used  in 
lieavy  aggregate  and  as  ballast. 


Chrome-free  ilmenite  containing  59.5  percent  titanium 
oxide  may  be  sold  on  the  east  coast  as  titanium  ore  if  it 
could  be  cheaply  mined  and  concentrated.  There  is  no 
present  market  for  ilmenite  as  titanium  ore  on  the  west 
coast. 

Chromite  (titanium-free)  containing  more  than  42 
percent  chromic  oxide  and  a  minimum  of  2  to  1  chro- 
mium to  iron  ratio  may  be  sold  to  the  General  Services 
Administration  for  government  stockpile. 

Garnet  sand  may  be  used  for  the  abrasive  coating  of 
papers  and  cloths  if  the  required  grain  size,  purity,  and 
content  of  fine  material  can  be  controlled.  The  garnet 
should  be  capable  of  being  broken  into  fragments  about 
j\  inch  in  diameter;  should  contain  no  impurities,  and 
a  minimum  of  fine  material.  Most  garnet  sand  from 
placer  deposits  is  much  too  fine-grained  to  satisfy  these 
conditions.  A  limited  amount  of  garnet  sand  is  used 
for  sandblasting  by  the  aircraft  industries. 

Most  of  the  heavy  minerals  found  in  black  sands 
could  probably  be  sold  provided  that  a  steady  source  of 
relatively  pure  material  could  be  produced  cheaply  from 
an  extensive  deposit. 
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BORON 


By  William  E.  Ver  Planck 


The  world's  largest  known  reserves  of  boron  minerals 
ire  in  southeastern  California.  In  recent  years  these  de- 
losits  have  supplied  not  only  the  needs  of  the  United 
Wtates  but  over  nine-tenths  of  the  world's  requirements. 
IRlemental  boron  has  limited  uses,  but  borax  and  boric 
icid  are  exceeded  by  few  chemicals  in  the  extent  of 
heir  application. 

At   present  borax  and  kernite  together  with  borate 
ii-ines  are  the  most  important  sources  of  boron  and  its 
•onipounds   in   California.   The   state   also   contains   de- 
jposits  of  colemanite  and  low  grade  playa  deposits  con- 
sisting of  borax  and  ulexite  that  have  been  worked  on 
I  large  scale  in  the  past.  Small  quantities  of  colemanite 
ii-e   currently   being   mined    for   special    uses,    but   the 
playa  deposits  have  been  idle  for  nearly  50  years.  Ulex- 
ite is  the  boron  mineral  mined  in  Chile  and  Argentina, 
whereas  priceite  is  mined  in  Turkej',  sassolite  in  Italy, 
and  boracite  in  Germany. 

Mineralogy.  Of  the  many  minerals  containing  boron, 
ly  far  the  most  important  commercially  are  the  borates. 
Tlie  sodium  borates  form  a  series  the  members  of  which 
are  characterized  by  different  amounts  of  water  of  hy- 
dration. Borax  (Na2B4O7-10H2O)  forms  milky  white 
translucent  to  opaque  crystals  many  of  which  are  large. 
It  is  readily  soluble  in  water.  On  exposure  to  dry  air 
il)orax  dehydrates  to  tincalconite  (Na2B407 -51120),  a 
[finely  crystalline,  dull,  white  powder.  Kernite  (Na2B407- 
4II2O)  commonly  forms  in  masses  of  prismatic  crystals 
which,  when  pure,  are  glassy  clear.  Three  well-developed 
•Icavages  cause  it  to  break  into  characteristic  splintery 
!  ragments.  Kernite  also  will  hydrate  to  tincalconite. 

The  calcium  borates  form  a  series  which  includes 
iuyoite  (Ca2Be0n -131120),  meyerhofferite  (Ca2BB0ii- 
TlloO),  colemanite  (Ca2BoOn-5H20),  and  priceite 
('a5Bi2023-9Il20).  Colemanite  occurs  in  white  to  gray 
prismatic  crj^stals  or  granular  masses.  It  is  transparent 
to  translucent  and  is  but  slightly  soluble  in  water. 

The  sodium-calcium  borates  include  ulexite 
XaCaBsOo -81120)  and  probertite  (NaCaB508-5H20). 
rioxite  forms  rounded  masses,  called  cottonballs,  made 
up  of  loosely  knit,  fine,  acicular  crystals.  Less  commonly 
it  occurs  as  a  dense,  cross-fibered  vein  filling  cutting 
other  borates.  Probertite  forms  radiating,  needle-like 
■rystals  associated  with  ulexite. 

Other  boron  minerals  of  commercial  interest  are  sas- 
solite or  natural  boric  acid  (II3BO3)  and  boracite 
.MgcCl2Bi402o).  Howlite  (H,-,Ca2B5SiOi4)  is  associated 
with  colemanite  but  is  not  of  commercial  interest  be- 
lause  of  its  silica  content.  Toiirmaline  and  other  com- 
plex borosilicates  are  found  in  igneous  rocks. 

Geologic  Occurrence.  Boron  is  believed  to  be  a  con- 
stituent of  magmas.  Not  only  do  igneous  rocks  contain 
Ixirosilicates,  but  boric  acid  is  present  in  hot  springs  and 
is  deposited  near  solfataras.  Boron  has  been  detected 
in  sea  water,  and  the  boracite  present  in  the  Stassfurt 
ilt'posits  is  thought  to  have  been  derived  from  evaporated 
sea  water.  Some  saline  lakes,  particularly  those  in  re- 
uions  of  recent  volcanic  activity,  have  a  high  borate  con- 
tent;  examples  of  these  in   California  include   Searles 


Lake,  Owens  Lake,  and  Borax  Lake  (see  general  discus- 
sion of  salines  in  this  volume).  The  brine  of  Searles 
Lake  supplies  a  significant  part  of  the  borax  produced 
in  California. 

Certain  playas  contain  borates  in  the  efflorescent 
crusts  that  form  during  dry  weather.  In  California, 
borate-bearing  crusts  have  been  worked  in  Searles  Lake, 
Death  Valley,  Amargosa  Valley,  Koehn  Lake,  Salt  Wells 
Valley,  and  Saline  Valley.  Many  borate  crusts  consist 
of  borax,  cottonball  ulexite,  and  tincalconite  mixed  with 
various  proportions  of  other  saline  minerals,  but  calcium 
borates  do  not  occur  in  Searles  Lake.  The  borate  crust 
from  Searles  Lake  averaged  slightly  more  than  7^  per- 
cent borax  (Hanks,  1883,  pp.  26,  27).  The  crusts  are 
only  a  few  inches  thick,  but  they  may  form  again  when 
removed. 

The  borates  of  saline  lakes  and  playas  are  thought 
to  have  been  derived  in  part  from  hot  springs  and  in 
part  from  material  leached  from  older  borate  deposits. 
Some  such  explanation  is  necessary  to  account  for  the 
concentration  of  borate  in  these  deposits. 

Deposits  of  colemanite  have  been  mined  in  California 
in  the  Furnace  Creek  area  of  Death  Valley  and  near 
Shoshone,  Inyo  County;  in  the  Calico  Mountains  near 
Daggett,  San  Bernardino  County ;  near  Lang  in  Los 
Angeles  County ;  and  in  the  northeastern  corner  of  Ven- 
tura County.  In  Nevada,  a  large  deposit  of  colemanite 
exists  in  the  Muddy  Mountains,  Clark  County.  Although 
colemanite  is  the  principal  borate  mineral,  other  calcium 
borates,  sodium-calcium  borates,  and  howlite  usually  are 
present.  The  borate  minerals  are  associated  with  folded 
Tertiary  lake  beds,  tuffs,  and  basalt  flows.  In  some  of 
the  deposits  limestone  is  present. 

Although  in  a  few  deposits  the  borates  form  uniform 
beds  parallel  to  the  enclosing  sediments,  they  generally 
occur  as  highly  irregular,  lenticular  masses  that  cut 
across  the  bedding.  Typically,  the  borates  are  confined  to 
a  particular  group  of  beds  within  which  they  swell  to 
form  comparatively  large  masses  and  pinch  to  a  thin 
layer  of  scattered  nodules.  These  bodies  consist  of  cole- 
manite in  cleavable,  crystalline  masses  or  exhibiting 
radiating  structures.  Openings  lined  with  clear  crystals 
are  often  present  in  massive  colemanite,  and  some  de- 
posits consist  largely  of  hollow,  crystal-lined  nodules  of 
colemanite.  Colemanite  also  forms  comparatively  thin 
columnar  or  cross-fibered  laj'ers  in  shale.  Most  deposits 
contain  howlite  in  the  form  of  nodules  in  the  colemanite 
and  associated  shale  or  of  seams  in  the  shale.  A  compact 
variety  of  ulexite  is  usually  present  and  locally  is  the 
principal  borate.  Minor  amounts  of  inyoite,  meyerhoffer- 
ite, and  probertite  are  not  uncommon. 

The  Death  Valley  colemanite  deposits  are  the  largest 
in  California.  In  the  Furnace  Creek  area  the  deposits 
occur  in  the  Furnace  Creek  formation  of  probable  late 
Miocene  to  Pliocene  age  which  is  exposed  in  a  northwest- 
trending  topographic  and  structural  trough  that  sep- 
arates the  Black  Mountains  on  the  southwest  from  the 
Funeral  and  Greenwater  Ranges  on  the  northeast.  The 
principal  structure  is  a  syncline  along  the  front  of  the 
Funeral  Mountains.  The  Furnace  Creek  formation  (No- 
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Figure  1.     Chart  showing  production  of  borates  in  California,  price  of  borax,  and  exports  of  borates  from  the  United 
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ble,  L.  F.,  1941)  shows  marked  lateral  transitions  in 
lithology.  It  consists  of  folded  lava  flows,  tuff,  and  breccia 
with  interbedded  fanglomerate,  yellowish  sandstone,  and 
tuffaceous  clay  shale.  The  eolemanite  deposits  are  in 
plaj'a  sediments  that  interfinger  with  the  volcanic  rocks 
and  that  are  discontinuously  exposed  along  a  northwest- 
trending  belt  about  20  miles  long.  The  principal  work- 
ings are  at  Ryan,  but  eolemanite  also  has  been  worked 
in  Gower  Gulch,  Twenty  Mule  Team  Canyon,  and  Cork- 
screw Canyon. 

In  the  vicinity  of  Ryan,  borate-rich  beds  occur  in  thin 
bedded,  light  colored  shales  beneath  basalt  flows  of  the 
Funeral  fanglomerate  that  unconformably  overlie  the 
Furnace  Creek  formation.  Just  beneath  the  basalt  cap 
are  masses  of  eolemanite  and  other  borate  minerals  from 
a  few  inches  to  a  maximum  of  70  feet  thick  that  have 
been  mined.  Some  of  the  ore  was  shipped  without  treat- 
ment, but  much  of  it  was  beneficiated  to  remove  inter- 
bedded shale.  Lower  in  the  formation  are  borate-bearing 
clays  that  rest  upon  thick  beds  of  coarse  sandstone  and 
tuff. 

Several  theories  have  sought  to  explain  the  origin  of 
the  eolemanite  deposits,  but  it  is  now  generally  believed 
that  they  are  Tertiary  playa  deposits  that  have  been 


elevated  and  folded.  Drainage  having  been  thus  pro- 
vided, the  sodium  borate  was  leached  from  the  original 
ulexite  leaving  the  insoluble  calcium  borate,  eolemanite 
(Foshag,  F.  W.,  1921).  | 

Plaj^a  borate  deposits  are  known  in  all  the  deserts  of 
the  world,  and  eolemanite  beds  of  the  type  described 
occur  in  Nevada  as  well  as  in  California;  but  the  thick  | 
beds  of  crystalline  borax  and  kernite  near  Kramer  are  I 
unique.  These  deposits,  described  by  Gale  (1946),  lie  in 
a  basin  containing  Tertiary  rocks  of  the  middle  Miocene 
Rosamond  and  upper  Miocene  Ricardo  formations. 

The  Ricardo  formation  in  the  Kramer  area  is  divisible 
into  three  distinct  units  which  from  bottom  to  top  are 
(1)  the  Saddleback  basalt  flows,  (2)  the  borate-bearing 
lake  beds,  and  (3)  the  post-borate  conglomerate.  The 
lake  beds  are  in  turn  composed  of  three  recognizable 
parts.  The  lowermost  30  to  50  feet  is  known  as  the  foot- 
wall  shale,  a  dark  greenish  to  black  slate  containing 
seams  or  veinlets  of  ulexite  and  howlite.  This  unit, 
where  present,  directly  overlies  the  basalt  flows.  The 
principal  borate  deposits  are  contained  in  the  blue  shale, 
or  middle  lake  bed  unit,  which  is  200  to  250  feet  thick 
and  is  characteristically  clayey  and  thinly  laminated. 
The  uppermost  lake  bed  unit  is  the  green  shale,  30  to  50 
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■pt  of  green,  thinly  bedded,  micaceous  shales  that  con- 
lins  no  borates. 

Nodular  masses  of  colemanite  and  ulexite  are  widely, 
liough  irregularly,  distributed  in  the  blue  shale  unit 
iroughoiit  the  Kramer  area;  but-  the  sodium  borate 
odies,  which  are  of  much  greater  commercial  impor- 
uice,  vinderlie  a  1^-  by  ^-mile  are^' in  the  center  of 
ic  basin.  These  are  characteristieaJ^  f-abular.beds  or 
lyers  of  borax  and  kernite  with  a  minor  amount  of  inter- 
odded  shale  commonly  as  much  as  250  feet  thick.  The 
orate  beds  are  preserved  in  a  synclinal  structure  that 
MS  been  modified  by  subsidiary  folding  and  minor  fault- 
iig.  The  borate  deposits  now  lie  at  depths  of  from  150 
I  1,000  feet  beneath  the  surface. 

The  Kramer  borates.  Gale  (1946)  believes,  were 
I'l-ived  from  volcanic  gases  or  water  that  issued  during 
lid  immediately  after  the  extrusion  of  the  Saddleback 
asalt.  Relatively  pure  borax  was  precipitated  by  the 
hilling  of  the  hot,  saturated  solution  of  mixed  salts  that 
(•cumulated  in  the  basin.  The  borax  was  later  covered 
V  clays  and  in  part  altered  to  kernite.  The  presence  of 
mall  amounts  of  realgar  and  stibnite  suggests  that  the 
Iteration  may  have  been  cau.sed  by  heat.  Ripple  marks 
II  the  sediments  interbedded  with  borax,  and  an  egg 
licll  found  in  it,  suggests  that  borates  formed  in  shal- 
o\v  water. 


Localities  and  History  of  Production  in  California. 
Two  sources,  the  Kramer  deposit  and  Searles  Lake,  now 
contribute  nearly  all  of  the  borates  produced  in  Califor- 
nia. A  comparatively  small  amount  of  colemanite  is  pro- 
duced near  Shoshone  and  in  Corkscrew  Canyon,  Inyo 
County,  and  a  little  borax  is  recovered  from  the  brine 
of  Owens  Lake.  At  various  times  all  the  other  types  of 
deposits  have  been  important  borate  sources,  but  each 
has  become  noncommercial  with  the  successive  discovery 
of  larger  and  richer  deposits.  The  history  of  the  industry 
in  the  western  United  States  can  thus  be  divided  into 
four  periods.  The  first  began  in  1864  with  the  discovery 
of  borax  in  Borax  Lake  and  Hachinhama  Lake,  Lake 
County,  California.  Borax  crystals  were  recovered  from 
the  mud  of  these  lakes  and  from  lake  water  which  was 
evaporated  in  small  pans. 

The  second  period  began  in  1872  when  the  recovery  of 
ulexite  and  borax  from  playa  surfaces  in  Nevada  put  an 
end  to  the  Lake  County  operation.  A  crustal  operation  at 
Searles  Lake  began  in  1874,  but  for  some  10  years  the 
Nevada  production  exceeded  that  from  California.  The 
crusts  at  Death  Valley  and  Amargosa  Valley  were 
worked  for  a  comparatively  short  time  beginning  in  1882 
or  1883.  Borax  was  also  recovered  from  Koehn  Lake, 
Salt  Wells  Valley,  and  Saline  Valley.  The  laborious 
process  of  scraping  up  and  refining  the  borate  material 
has  been  described  by  Hanks  (1883). 


Figure  2.     Photograph  of  a  20-mjle  team  used  to  haul  borax   lioni  Death  Valley  to  Mojave,  lSS;!-90.  J'ltoto  hy  Ann  Rosener. 
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The  Death  Valley  erustal  operations  terminated  about 
1890  when  the  eolemanite  beds  in  the  Calico  Mountains 
near  Daggett  were  first  worked.  The  playa  operations 
continued  on  a  decreasing  scale  for  a  number  of  years. 
The  last  playa  production  of  borates  in  California  ap- 
pears to  have  been  from  Saline  Valley  in  1907.  Also  in 
1907,  eolemanite  mining  began  in  Inyo  County,  and  at 
about  the  same  time  the  Los  Angeles  and  Ventura 
County  eolemanite  deposits  were  developed.  At  Searles 
Lake  production  of  borax  from  the  brine  began  in  1919 
and  from  Owens  Lake  in  1929. 

The  fourth  and  present  period  began  in  1927  when 
the  large  scale  production  of  sodium  borates  from  the 
Kramer  deposit  made  the  eolemanite  deposits  of  less 
economic  interest.  Borates  in  the  Kramer  district  were 
discovered  accidentally  in  1912  or  1913  by  Dr.  J.  K. 
Suckow  who  was  drilling  a  water  well.  It  was  not  until 
1925,  however,  that  the  sodium  borates  were  noted  in  a 
drill  hole,  and  another  year  passed  before  the  deposit 
was  reached  by  a  shaft  sunk  by  the  Pacific  Coast  Borax 
Company.  A  new  sodium  borate  was  recognized,  and  its 
analysis  was  reported  by  the  laboratory  of  the  Pacific 
Coast  Borax  Company  at  Wilmington,  California,  on 
August  18,  1926.  The  new  mineral  was  named  rasorite 
after  Clarence  R.  Rasor,  field  engineer  of  the  United 
States  Borax  Company. 

In  the  meantime  W.  T.  Schaller  obtained  some  samples 
of  the  new  mineral  and  determined  its  properties.  Not 
knowing  that  the  borax  company  was  already  using  the 
name  rasorite.  Dr.  Schaller  called  the  new  mineral 
kernite,  the  name  most  used  today. 

Operations.  In  1955,  three  companies  accounted  for 
practically  all  of  the  borates  produced  in  California. 
Sodium  borate  minerals  were  mined  by  Pacific  Coast 
Borax  Co.,  Division  of  Borax  Consolidated  Limited  near 
Boron  in  the  Kramer  district,  while  borax  was  among 
the  products  produced  from  the  brine  of  Searles  Lake 
by  the  American  Potash  &  Chemical  Corporation  and 
the  West  End  Chemical  Company.  During  the  year  a 
fourth  company,  the  California  Borate  Company,  ob- 
tained title  to  some  borate  land  in  the  Kramer  district 
and  in  1956  was  preparing  to  mine  sodium  borates.  The 
Pittsburgh  Plate  Glass  Company,  Columbia  Chemical 
Division,  has  produced  borax  as  a  by-product  of  soda  ash 
recovery  from  the  brine  of  Owens  Lake,  but  since  World 
War  II  the  production  of  borax  has  be^  small.  In  ad- 
dition, Pacific  Coast  Borax  Co.  and  its  affiliate.  United 
States  Borax  Company,  produce  a  small  amount  of  eole- 
manite from  mines  near  Shoshone  and  Ryan. 

At  present  Pacific  Coast  Borax  Co.  works  its  sodium 
borate  deposit  near  Boron  with  three  separate  mines :  the 
Baker  and  West  Baker  mines,  developed  in  1926,  and  the 
Jenifer  mine,  developed  in  1950  and  1951.  AH  three 
mines  have  been  opened  with  vertical  shafts  and  a  sys- 
tem of  drifts  and  crosscuts  that  totals  several  miles.  In 
the  older  mines  the  ore  is  mined  either  by  open  stoping 
or  shrinkage  stoping.  The  ore  is  broken  by  drilling  and 
blasting,  loaded  into  ears,  and  trammed  to  the  shaft 
stations  in  the  conventional  manner.  The  stopes  are 
about  20  feet  wide,  more  than  100  feet  long,  and  up  to 
100  feet  high.  In  addition  to  ore  left  in  pillars  between 
the  stopes,  some  ore  is  left  on  the  foot  wall  and  hanging 
wall  for  support  of  the  weak  shale.  To  provide  additional 


Figure  ;!.     I'hotograph  showing  removal  of  overburden  in  prepara- 
tion for  open-pit  mining  at  Boron.  Photo  hy  Ann  Rosener. 

support,  the  completed  stopes  are  filled  with  gravel  iii-» 
troduced  through  a  bore  hole  from  the  surface  (Tucker 
and  others;  1949,  pp.  243,  244).  In  the  Jenifer  mine  thei 
ore  is  removed  with  continuous  mining  machines  without  i 
the  use  of  drilling  and  blasting,  and  the  broken  ore  is 
taken  to  the  shaft  station  Avith  a  belt  convej-or  system 
(Pacific  Coast  Borax  Co.,  1951,  p.  51). 

Ore  from  the  three  mines  is  brought  to  a  central  plant 
where  it  is  crushed,  screened  and  passed  through  mag- 
netic separators  that  remove  a  portion  of  the  shale  im- 
purities (Pacific  Coast  Borax  Co.,  1951,  pp.  51,  52). 
Some  of  the  magnetic  concentrates  are  sold  as  Fertilizer 
Borate  and  Borascu.  Most  of  the  magnetic  concentrates 
are  dehydrated  to  various  degrees  to  produce  Rasorite 
Special  Concentrates,  Fertilizer  Borate  High  Grade. 
Anhydrous  Rasorite,  and  Concentrated  Borascu.  The  dust 
unavoidably  produced  in  the  plant  is  collected  and  made 
into  borax  in  a  small  plant  at  Boron. 

Some  of  the  crude  ore  is  sliipped  to  Pacific  Coast 
Borax  (!o.  's  refinery  at  Wilmington,  Los  Angeles  County. 
Here,  after  crushing  and  screening,  it  is  dissolved;  and 
all  insoluble  matter  is  removed  (Connell,  1950).  The 
clear  borate  solution  is  then  sent  to  the  granulators 
where,  by  controlling  the  temperature  and  concentration, 
both  borax  (Na2B4O7-10H2O)  and  sodium  borate  penta- 
hydrate  (Na2B407-5Il20)  are  produced.  These  products 
are  either  dried  and  packed  for  sale  or  further  processed 
to  produce  boric  acid  and  anhydrous  borax.  A  long  list 
of  special  products,  including  Boraxo,  borate  compounds, 
and  both  borax  and  boric  acid  of  U.S. P.  grade,  also  are 
produced. 

In  October  1955,  Pacific  Coast  Borax  Co.  announced 
plans  to  convert  its  existing  underground  mining  opera- 
tions at  Boron  to  an  open  pit  operation  and  to  construct 
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new  eoneentrator-refinery  near  the  mine.  The  faeili- 
ics  at  Wilmington  will  be  retained  for  the  production 
>F  boric  acid  and  special  products  only.  The  initial  strip- 
ling has  been  contracted  to  the  Isbell  Construction  Com- 
iciny  of  Reno,  Nevada.  This  phase  of  the  work,  which 
\  ill  take  about  two  years,  began  in  January  1956.  Over- 
iiirden,  mostly  sand  and  clay,  will  be  removed  with  18- 
nbic-yard  rubber-tired  scrapers  to  form  a  pit  2000  feet 
II  diameter  at  the  top  and  150  feet  deep.  After  the  pit 
lias  been  prepared.  Pacific  Coast  Borax  Co.  will  mine 
I  lie  ore  with  3-cubie-yard  electric  shovels  and  24-ton 
rucks.  The  ore  will  be  broken  with  ammonium  nitrate 
ase  explosives  loaded  in  vertical  blast  holes  made  with 
iiiger  type  drills  (Stern,  J.  D.,  1956,  personal  communi- 
iition). 

A  significant  portion  of  California's  borate  production 
lines  from  Searles  Lake,  San  Bernardino  County.  The 
luocesses  used  by  the  American  Potash  &  Chemical 
Corporation  and  the  West  End  Chemical  Company  to 
recover  borax  and  other  commodities  from  the  complex 
Searles  Lake  brine  are  described  in  the  introductory 
section  to  the  salines  in  this  volume. 

Before  the  discovery  of  the  sodium  borate  ores  of  the 
ixraraer  district,  colemanite  was  the  principal  raw  mate- 
rial from  which  borax  was  made.  The  mining  of  cole- 
manite was  comparatively  expensive  because,  as  men- 
lidiied  above,  the  colemanite  deposits  typically  are 
iripgnlar  bodies  associated  with  incompetent,  folded,  and 
Miiite  steeply  dipping  sediments.  At  Ryan,  most  of  the 
me  was  obtained  from  glory  holes;  but  underground 
iiii'thods,  including  open  stoping,  shrinkage  stoping,  and 
square-set  stoping  were  used  elsewhere.  Because  cole- 
manite is  a  friable  mineral,  blast  holes  were  often  made 
liy  hand  drilling. 

Heeausp  of  the  fact  that  colemanite  decrepitates  or 
llics  to  pieces  when  heated,  the  concentration  of  cole- 
iiianite  ore  is  comparatively  simple.  Colemanite  ore  was 
■iiiimionly  heated  to  about  1300°  F.  in  rotary  caleiners 
I  hat  contained  an  inner  chamber  to  keep  the  ore  from 
liireet  contact  with  the  flame.  By  screening,  the  coarse 
material,  mostly  waste,  was  then  separated  from  the 
iMics,  mostly  decrepitated  colemanite.  This  process  was 

effective  in  recovering  borates  other  than  colemanite, 
11(1  at  least  one  plant  contained  jigs  and.wilfley  tables 
liir  recovering  the  borate  values  in  the  coarse  product 
Mom  the  kiln. 

Colemanite  concentrates  were  shipped  to  a  refinery 
I  111-  further  treatment.  There  they  were  ground  to  a  fine 
i>ii\vder  and  digested  with  a  hot  sodium  carbonate  solu- 
ii<in  in  reactor  tanks  provided  with  mechanical  agita- 
I'U-s.  After  several  washings,  the  insoluble  impurities 
.111(1  reaction  products  were  removed  and  discarded; 
Hiid  the  borax-rich  liquor  went  to  crystallizers  where 
I  rystals  of  borax  formed. 

Uses.  The  three  principal  boron  compounds  of  com- 
iiiorce,  boric  acid  (H3BO3),  borax  (Na2B407-10HoO), 
and  anhydrous  borax  (NaoBjOy)  have  such  numerous 
.111(1  diverse  applications  that  modern  society  could 
-larcely  do  without  them.  The  ease  with  which  borax 
1  ail  be  melted  and  the  solubility  of  most  oxides  in  fused 
liiirax  are  properties  valuable  in  ceramics  and  metal- 
lurgy. Because  of  its  mild  antiseptic  and  detergent  prop- 
iities,  it  may  be  an  ingredient  of  soaps,  cosmetics,  dis- 


infectants, and  preservations.  As  a  solvent  of  casein, 
it  plays  a  part  in  the  manufacture  of  glazed  paper,  ply- 
wood, and  paint.  Recently  agricultural  uses  for  borax 
have  been  developed.  Some  insecticides  contain  borax. 
Minute  quantities  of  boron  are  essential  for  the  healthy 
growth  of  plants,  and  borax  in  concentrations  of  up  to 
1/lOth  part  per  million  is  added  to  boron-deficient  soils. 
Plants  cannot,  however,  tolerate  boron  in  concentrations 
of  more  than  a  few  parts  per  million ;  and  borax  in  large 
applications  is  an  effective  weed  killer. 

In  California  probably  the  largest  single  use  for  borax 
is  in  the  porcelain  enamel  used  on  Ijathtubs,  stoves, 
kitchen  utensils,  and  metal  signs.  Porcelain  enamel  can 
contain  as  much  as  20  percent  B2O3.  Another  large  use 
for  borax  in  California  is  in  special  gla.sses  such  as  glass 
wool  which  contain  12  to  14  percent  B2O3.  The  common 
lime-soda  glass  used  for  bottles  contains  about  one  per- 
cent B2O3,  but  much  if  not  all  of  it  is  added  in  the  form 
of  special  borax-bearing  soda  ash  produced  at  Searles 
Lake.  Both  colored  and  uncolored  glazes  for  china  and 
potterj^  contain  boric  oxide.  Borax  is  the  boron  com- 
pound usually  used,  but  colemanite  is  chosen  if  an 
insoluble  borate  is  required.  In  addition,  borax  is  com- 
monly an  ingredient  of  the  fluxes  used  in  welding, 
brazing,  and  soldering;  and  in  metallurgy  it  serves  as  a 
flux  in  the  refining  of  precious  metals. 

Elemental  boron,  organo-boron  compounds,  and  the 
less  familiar  boron  inorganics  are  the  subject  of  inten- 
sive research.  At  present  the  consumption  of  these  mate- 
rials is  small.  Many  compounds,  however,  are  in  the 
research  or  sales  development  stages ;  and  their  potential 
demand  is  great. 

The  consumption  of  elemental  boron  is  probably  less 
than  5000  pounds  per  year.  One  of  its  principal  applica- 
tions is  in  boron  steels,  which  were  developed  during 
World  War  II  and  are  now  established  materials.  The 
addition  of  0.001  to  0.003  percent  of  boron  increases  the 
hardenability  of  steel  as  much  as  far  larger  quantities 
of  other  hardenability  agents  and  provides  secondary 
benefits  as  well.  Boron  is  being  used  with  low  alloy  steels 
that  normally  have  less  than  5  percent  of  nickel,  chro- 
mium, or  molybdenum  added  to  improve  hardenability. 
Adding  boron  has  made  it  possible  to  substantially  re- 
duce, but  not  completely  eliminate,  the  proportions  of 
other  alloying  agents  i-equired.  Boron  also  is  useful  be- 
cause of  its  ability  to  absorb  neutrons.  Atomic  reactors 
are  shielded  with  a  material  called  Boral  which  consists 
of  boron  carbide  and  aluminum  (Chem.  Eng.  News,  Nov. 
28,  1955).  Potential  uses  of  boron  depend  on  its  great 
hardness,  unusual  electrical  properties,  and  affinity  for 
gases.  The  use  of  boron  as  a  deoxidizer  in  the  metallurgy 
of  copper  is  under  investigation,  and  aluminum-boron 
alloys  with  low  resistance  have  been  developed  that  may 
be  of  value  for  electrical  conductors.  The  potential  de- 
mand for  elemental  boron  may  be  as  much  as  2  to  3 
million  pounds  per  year  (Chem.  Week,  Nov.  5,  1955). 

Organo-boron  compounds  are  being  developed  for  use 
as  dehydrating  agents,  synthesis  intermediates,  catalysts, 
plasticizers,  and  fire  retardants  for  the  petroleum,  plas- 
tics, and  other  industries.  The  Standard  Oil  Company  of 
Ohio  is  marketing  a  gasoline  for  high  compression  en- 
gines that  contains  a  boron  compound  as  an  anti-knock 
agent  (Hughes  and  others,  1956).  Boron-phosphorus 
polymers  and  boron  esters  are  binder  study;  and  one 
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ester,  methyl  borate,  has  been  tested  as  a  citrus  fungi- 
cide. Some  of  the  boron-hydrogen  polymers,  or  boranes, 
have  potential  value  as  jet  and  rocket  fuels. 

The  boron  inorganics  include  Such  compounds  as  boron 
carbide,  the  metal  borides,  boron  oxide,  boron  hydrides, 
and  sodium  polyborates.  Boron  carbide,  one  of  the 
hardest  materials  known,  is  used  as  an  abrasive  and  for 
abrasion-resistant  articles  such  as  sandblast  nozzles. 
Borotherm,  a  product  of  American  Potash  &  Chemical 
Corporation,  is  being  used  as  a  washable  fire  resistant 
additive  for  water  base  surface  coatings  and  water  base 
paint.  Sodium  borohydride  is  used  as  a  reducing  agent 
in  the  manufacture  of  hormones.  The  metal  borides  are 
resistant  to  heat,  corrosion  and  wear ;  they  have  potential 
application  both  as  coatings  for  metals  and  nonmetals 
and  for  tools  and  dies.  Zirconium  boride  has  been  tested 
for  use  in  jet  and  rocket  nozzles. 

Prices.  The  following  prices  f.o.b.  plants  were  in 
effect  in  1953 : 

Borax,     granulated,     99..'5     percent     NasBiOj-lOHzO,     in 

sacks — $41.25  per  ton 
Pentahydrate   borax,  in  sacliS,  $55.50  per  ton 
Anhydrous  borax,   in  saclss,   $78.00  per   ton 
Borax    concentrates,   34   percent   B2O3,    in    sacks,    $32.75 

per  ton 
Colemanite,    ground,   30    to   40    percent    BaCi,    in    sacks, 

$47.00  per  ton 

Prices  have  since  advanced  slightly,  and  in  December 
1956  the  price  of  granulated  borax  was  $43.25  a  ton. 

Marketing.  The  three  principal  borate  producers  in 
California,  Pacific  Coast  Borax  Co.,  American  Potash  & 
Chemical  Corporation,  and  the  West  End  Chemical 
Company,  own  or  control  their  sources  of  raw  materials. 
These  companies  distribute  finished  products,  including 
both  refined  chemicals  and  crude  sodium  borate  minerals 
beneficiated  to  varying  degrees,  through  established 
channels  that  extend  not  only  throughout  the  United 
States  but  into  many  foreign  countries  as  well.  In  1955, 
no  refinery  existed  in  the  United  States  that  purchased 
crude  borate  minerals.  Of  the  three  plants  that  produce 
borates,  only  that  of  Pacific  Coast  Borax  processes  crude 
sodium  borate  minerals.  The  grade  of  ore  required  for 
refining  and  for  making  beneficiated  products  is  not 
generally  known,  but  it  is  probably  not  less  than  20 
percent  B2O3. 

At  present  a  small  demand,  probably  only  a  few  hun- 
dred tons  a  year,  exists  for  colemanite,  principally  for 
ceramic  use.  Because  of  the  high  cost  of  treatment,  cole- 
manite cannot  compete  with  sodium  borate  minerals  or 
brines  as  an  ore  of  borax  even  though  the  B20,s  content 
of  some  colemanite  ores  is  comparable  to  that  of  the 
sodium  borate  ores  now  used.  Reserves  of  colemanite 
enormously  greater  than  the  present  demand  exist  in 
mines  of  Pacific  Coast  Borax  Co.  and  the  West  End 
Chemical  Company  that  were  worked  on  a  large  scale 
prior  to  the  discovery  of  the  Kramer  deposits.  The  playa 
deposits  are  not  of  present  economic  interest.  Not  only 
are  they  small,  irregular,  and  low  grade,  but  if  ulexite 
is  present  the  cost  of  treatment  is  high. 
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BROMINE 

By  William  E.  Ver  Planck 


Bromine  and  bromine  compounds  are  produced  in 
'alifornia  at  a  rate  of  about  1000  tons  a  year.  Present 
jurces  in  the  state  are  Westvaco  Chemical  Division  of 
'ood  Machinery  and  Chemical  Corporation  at  Newark, 
Llamcda  County,  which  produces  bromine  from  salt 
,'orks  bittern,  and  the  American  Potash  &  Chemical 
'orporation  which  obtains  it  from  the  brine  of  Searles 
,ake.  San  Bernardino  County.  Bromine  is  a  by-product 
1   both  plants.  California's  output  is  about  2  percent 

I  the  national  total.  The  principal  source  of  bromine 
-1  the  United  States  is  a  plant  at  Freeport,  Texas,  that 
ii'ats  sea  water.  Bromine  is  also  recovered  from  well 
lilies  in  Michigan,  Ohio,  and  West  Virginia. 

Geology  and  Mineralogy.  Bromine,  one  of  the  halo- 
ens,  is  intermediate  in  chemical  properties  between 
hlorine  and  iodine.  At  atmospheric  pressure  and  nor- 
lal  temperature  it  is  a  heavy,  reddish-brown  liquid 
vhich  is  very  volatile  and  corrosive.  It  usually  is  associ- 
icd  with  the  salines  and  is  not  found  uncombined  in 
ature.  The  saline  minerals  carnallite  and  sylvite  con- 
lin  bromine  as  an  impurity.  Sea  water  contains  0.0065 
1  0.0070  percent  bromine,  which  becomes  concentrated 

II  natural  and  artificial  bitterns.  Bromine  is  thought  to 
.■  present  in  sea  water  in  the  form  of  magnesium  bro- 
iiide.  The  silver  ore  minerals  bromyrite  (AgBr),  embo- 
iif  |Ag(Br,Cl)],and  iodobromite  (2AgCl-2AgBr- Agl) 
niitain  bromine  but  are  not  commercial  sources. 

Methods  of  Recovery.  The  Westvaco  Chemical  Divi- 
ioii  at  Newark  recovers  bromine  and  other  compounds 
rom  bittern  obtained  from  the  neighboring  solar  salt 
)lants  of  the  Leslie  Salt  Co.  The  bittern  at  a  specific 
navity  of  30°  Be  contains  0.175  percent  bromine.  Bro- 
uine  is  recovered  from  the  bittern  by  a  modified  Ku- 
licrschky  process,  and  the  effluent  from  the  bromine 
ilant  is  treated  for  the  recovery  of  magnesium  eom- 
Hiuiuls  and  gypsum  as  described  in  the  section  on  mag- 
csium  and  magnesium  compounds  in  this  bulletin. 

Bittern,  which  is  received  only  during  the  fall  months, 
V  stored  in  ponds  of  200,000,000  gallons  capacity.  Raw 
itteni  is  neutralized  with  concentrated  sulfuric  acid 
I  lid  run  into  concrete  storage  tanks  that  hold  several 
lays'  suppl.v. 

The  bromine  towers,  of  which  there  are  three,  are 
-iliiarc,  hollow  columns  built  of  stone  and  loosely  packed 
vith  ceramic  ware.  Bittern,  which  has  been  preheated, 
s  fed  in  at  the  top,  steam  at  the  bottom  and  chlorine 
ias  at  an  intermediate  point.  Bromine  is  liberated 
iccording  to  the  reaction 

MgBro  +  CI2  -^  MgCl2  +  Bra. 

Ninety-five  percent  of  the  bromine  in  the  bittern  is 
recovered.  Hot  bromine-free  liquor  is  drawn  from  the 
liase  of  the  tower,  while  from  the  top  comes  a  vapor 
ontaining  bromine,  a  little  chlorine,  and  water.  The 
vapor  goes  to  a  stoneware  condenser  where  the  water  and 


crude  bromine   are   separated   by   gravity.    The   crude 
bromine  is  purified  by  distillation. 

The  American  Potash  &  Chemical  Corporation  at 
Trona  obtains  bromine  by  a  similar  process  from  the 
brine  of  Searles  Lake,  which  contains  0.085  percent 
bromine.  In  the  main  plant  process,  which  is  described 
elsewhere  in  this  volume  (see  section  on  the  salines), 
potassium  bromide  crystallizes  isomorphously  with  po- 
tassium chloride;  and  both  salts  are  recovered  together. 
The  saturated  solution  of  the  bromine-bearing  potassium 
chloride,  which  contains  1.8  percent  bromine,  is  neutral 
and  requires  no  acidification  before  treatment  in  Ku- 
bierschky  towers.  The  liberated  bromine  vapor  passes 
through  tantalum-lined  condensers  and  is  purified  to 
give  bromine  99.5  percent  pure. 

Uses  and  Prices.  Most  bromine  is  consumed  in  the 
form  of  bromine  compounds.  Ninety  percent  of  the  bro- 
mine produced  in  the  United  States  is  used  in  making 
antiknock  gasoline,  and  minor  amounts  are  used  for 
pharmaceuticals  and  in  photograph.v.  Much  of  the  bro- 
mine produced  in  California  is  used  as  grain  and  soil 
fumigants  in  the  form  of  ethylene  dibromide  and  methyl 
bromide.  Some  is  used  in  the  form  of  bromochloro- 
methane  in  fire  extinguishers,  and  additional  amounts 
are  consumed  as  sterilizing  agents  for  swimming  pools 
and  as  an  algaecide  in  industrial  cooling  towers.  With 
the  exception  of  the  ethylene  dibromide  used  in  anti- 
knock gasoline,  all  of  the  bromine  consumed  in  Califor- 
nia is  produced  in  the  state. 

The  following  prices  were  in  effect  in  California  in 
1955:  225  pound  drums,  carload  lots,  delivered,  31-33 
cents  per  pound.  6|  pound  bottles,  in  eases,  delivered, 
39  cents  per  pound. 

History  of  Operations.  Bromine  was  produced  for 
the  first  time  in  California  in  1926  when  the  California 
Chemical  Corporation,  a  predecessor  of  Westvaco  Chem- 
ical Division,  built  a  Kubierschky  tower  at  Chula  Vista, 
San  Diego  County.  Bromine  production  from  this  plant, 
which  treated  salt  works  bittern,  ceased  in  1945.  A  sec- 
ond bromine  tower  was  operated  by  the  California 
Chemical  Corporation  at  San  Mateo  from  1926  until 
late  1929  or  early  1930,  and  it  also  treated  salt  works 
bittern.  Westvaco  Chemical  Divisions'  present  bromine 
plant  at  Newark  was  built  by  the  California  Chemical 
Corporation  in  1931.  Production  of  bromine  at  Searles 
Lake  began  in  1940. 
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CADMIUM 

By  J.  Grant  Goodwin 


Although  cadmium  is  a  metal  of  extreme  usefulness 
metallurgy,  it  has  never  been  found  in  sufScient  con- 
iitration  to  warrant  mining  where  no  other  valuable 
iterial  exists.  Smelters  seldom  pay  for  it,  often  pen- 
ize  for  it,  and  commonly  do  not  report  its  presence  at 
I.  Consequently  cadmium  is  of  little  interest  to  the 
iner  and  often  goes  unmentioned  in  mine  descriptions. 

1  California,  cadmium  has  been  recovered  from  the 
id-zinc  ores  of  Inyo  and  San  Bernardino  Counties, 
id  the  copper-zinc  ores  of  the  Sierra  Nevada  foothills 
1(1  Shasta  County. 

j  Mineralogy  and  Occurrences.     Greenockite  (cadmium 

'dfide)   and  xanthochroite    (amorphous  cadmium  sul- 

le),  the  chief  cadmium-bearing  minerals,  invariably 

•fur  with  sphalerite   (zinc  sulfide),  and  cadmium  in 

le  form  of  cadmiumoxide  (cadmium  oxide)  and  otavite 

■admium  carbonate)  is  therefore  present  in  the  oxidized 

irtions  of  zinc  sulfide  bodies.  Xanthochroite  is  the  most 

j)mmonly  recognized  cadmium  mineral  because  it  oc- 

hrs  as  a  conspicuous  yellow  coating  on  sphalerite. 

Refined  metallic  cadmium  is  white  with  a  bluish  tinge. 

is  a  soft  metal  with  a  hardness  of  2.0.  Its  crystal 

ructure   is   close  packed   hexagonal   and   the   specific 

ii-avity  is  8.7.  The  atomic  weight  is  112.4,  melting  point 

121°  C.  (610°  P.),  boiling  point  778°  C.  (1432°  F.),  and 

le  heat  of  fusion  13.03  calories.  The  specific  heat  at  0° 

.  is  0.0548,  specific  resistance  is  6.94,  electrical  conduc- 

vity  is  22.7,  and  its  thermal  conductivity  at  0°  C.  is 

2200.  Cadmium  has  a  tensile  strength  of  approximately 

{,500  psi,  and  an  elongation  of  45  percent.  It  can  be 

rawn  into  wire  or  beaten  into  foil.  The  chemical  be- 

avior  of  cadmium  is  similar  to  zinc.  It  is  soluble  in 

ilute  acids,   combines   readily  with   halogens,   and   is 

isily  alloyed  with  the  common  metals. 

Zinc  concentrates  obtained  in  the  milling  of  ores  from 
■  posits  in  the  Rocky  Mountain  district  average  about 

2  percent  cadmium.  Zinc  concentrates  obtained  from 
les  of  the  Tri-state  district  (Missouri,  Kansas,  and 
iklahoma)  average  0.35  percent  cadmium.  In  Califor- 
ia,  zinc  concentrates  from  copper-zinc  massive  sulfide 
I'posits  and  also  from  lead-zinc  replacement  deposits 
oiitain  from  0.22  percent  to  0.28  percent  cadmium, 
alifornia's  principal  cadmium  production  has  been 
lom  the  lead-zinc  ores  of  Inyo  and  San  Bernardino 
Ounties,  and  from  the  copper-zinc  ores  of  the  Sierra 
-Vvada  foothills  and  the  Shasta  County  copper-zinc 
istriet. 

The  estimated  total  production  of  cadmium  from 
alifornia  ores,  most  of  which  were  smelted  outside  the 
tate,  has  been  over  1,000,000  pounds  since  1848  (based 
11  the  total  estimated  zinc  production  since  1848).  The 
ulk  of  this  production  has  been  obtained  since  World 
Var  I.  In  recent  years  deposits  in  California  have 
ielded  annually  about  70,000  pounds  of  cadmium  from 
bout  17,500  tons  of  zinc  concentrates.  The  current  an- 
ual  production  of  cadmium  in  the  United  States  is 
bout  9,000,000  pounds,  much  of  which  is  obtained  from 
oreign  ores  smelted  locally. 


There  are  five  major  sources  of  cadmium:  (1)  cadmi- 
um-bearing flue  dust  from  base-metal  smelters,  (2)  cad- 
mium-bearing flue  dust  from  lead  blast  furnaces  (most 
lead  concentrates  and  ores  unavoidably  contain  some 
cadmium-bearing  zinc),  (3)  cadmium-bearing  flue  dust 
from  zinc  retorts,  (4)  high-cadmium  precipitate  ob- 
tained in  purifying  zinc  electrolyte  at  electrolytic  zinc 
plants,  and  (5)  secondary  cadmium  metal  recovered 
from  bearings  and  other  cadmium-alloy  machinery 
parts. 

Primary  metallic  cadmium  is  produced  at  about  13 
zinc  smelters  in  the  United  States.  Most  of  the  zinc  ores 
and  concentrates  produced  in  California  leave  the  state 
to  be  smelted  elsewhere;  however,  some  cadmium  flue 
dust  is  recovered  at  the  American  Smelting  and  Refin- 
ing Company  plant  at  Selby.  Flue  dust  collected  in  the 
bag  house  of  this  plant  contains  from  10  to  15  percent 
cadmium.  Periodical  shipments  are  made  to  the  com- 
pany's Globe  Plant  in  Denver.  Here  cadmium-bearing 
flue  dust,  from  all  of  the  company's  western  smelters,  is 
refined.  Pure  cadmium  in  stick  and  ball  form  is  shipped 
to  distributors  throughout  the  world.  The  major  sup- 
plier of  cadmium  in  California  is  Federated  Metals  Di- 
vision of  American  Smelting  &  Refining  Company. 

Utilization.  Cadmium  is  widely  used  in  the  electro- 
plating industry  because  it  forms  an  adhering  bond  be- 
tween iron  and  the  plating  metals.  Cadmium  alloyed 
with  nickel  or  silver  and  copper  is  used  in  the  fabrica- 
tion of  high-pressure,  antifriction  bearings.  Cadmium 
plating  on  iron  is  superior  to  zinc  for  many  uses.  Lesser 
uses  for  cadmium  are  in  the  manufacture  of  stereotype 
plates,  low-melting-point  alloys  such  as  solder,  and  auto- 
matic fire-sprinkler  systems,  for  hardening  copper,  mak- 
ing silver  resistant  to  tarnish  in  the  manufacture  of 
green  gold,  chemicals,  photographic  materials,  paint 
pigments,  rubber,  soaps,  and  pyrotechnics,  in  textile 
printing,  and  as  a  pigment  in  glassware  and  enamels. 
The  sulfide  of  cadmium  is  used  in  superior  quality  yel- 
low paints.  Cadmium  oxide-silver  contacts  now  being 
used  in  a  wide  variety  of  electrical  devices  promise  im- 
proved life  and  performance  with  less  tendency  to  weld 
together  during  arcing. 

The  largest  consumer  of  cadmium  in  California  is  the 
electroplating  industry.  Several  tons  of  cadmium  in  ball 
form,  for  anodes,  are  purchased  each  month  by  this  in- 
dustry. The  manufacturers  of  calculators  and  other  busi- 
ness machines  in  California  consume  each  month  about 
1  ton  of  cadmium  in  stick  form  to  be  used  in  stereotype 
metals.  California's  airplane  industry  is  fast  becoming  a 
large  consumer  of  cadmium  for  high-friction  alloys. 

In  recent  years  the  production  of  cadmium  from  Cali- 
fornia zinc  ores  and  concentrates  has  been  about  equal 
to  the  consumption  of  cadmium  metal  in  California.  The 
closing  of  two  of  the  largest  zinc  producing  mines  (Sho- 
shone mines  in  September  1953  and  Darwin  mines  in 
February  1954)  greatly  reduced  California's  production 
during  1954.  During  1955  these  mines  were  reopened. 

Prices  and  Markets.  The  demand  for  cadmium  since 
World  War  II  has  increased  rapidly  and  has  fiarced  the 
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price  from  90  cents  per  pound  in  1946  to  $2.00  per 
pound  in  1949.  During  1950  and  1951  the  average  mar- 
ket price  was  $2.50  per  pound.  The  apparent  shortage 
and  rise  in  price  was  caused  in  part  by  purchasing  for 
the  national  stockpile  and  curtailment  of  uses  in  indus- 
try by  the  National  Production  Authority  as  a  necessary 
measure  to  insure  a  substantial  stockpile  of  this  critical 
metal.  With  the  incentive  of  high  prices,  imports  in  1952 
rose  to  more  than  16  times  the  1951  imports  and  as  a 
result,  the  market  price  fell  to  $2.00  per  pound.  During 
1952  the  Federal  Government  relaxed  the  controls  on 
cadmium  allocations  and  the  market  price  fell  still  far- 
ther. By  August  1954  the  market  quotation  was  $1.70 
per  pound.  The  price  remained  at  this  level  during  1955. 
As  indicated  above,  the  price  of  cadmium  is  of  little 
concern  to  the  producer  of  cadmium-bearing  ores.  Smel- 
ters seldom  pay  for  it  as  the  cost  of  recovery  is  high  and 
the  actual  amounts  contained  in  most  ore  shipments  are 
low. 

Recent  trends  which  may  affect  the  cadmium  situation 
are:  (1)  the  important  place  cadmium  occupies  in  nu- 
clear physics  as  a  heat-control  element  in  atomic  reac- 


tors, (2)  the  use  of  cadmium-nickel  batteries  which  a 
superior  to  lead  storage  batteries,  and  (3)  the  substit 
tion  of  other  materials  in  the  older,  more  establish 
uses  of  cadmium.  High  prices  force  the  use  of  substitutt 
and  a  market  may  be  lost  entirely.  For  example,  durii 
periods  of  shortage  and  high  prices  the  electroplatiJ 
industry  can  substitute  zinc  for  cadmium ;  when  suppli 
are  again  available,  industry  is  reluctant  to  change  bai 
because  of  the  expense  and  the  threat  of  a  future  shoi 
age.  Cadmium  compounds  in  pigments  have  been  large 
replaced  by  cheaper  organic  compounds.  Over  a  loi 
period  new  uses  and  greater  demand  generally  ofl 
the  loss  of  markets  to  cheaper  substitutes. 
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CALCITE 

(Optical  Grade) 
By  Lauren  A.  Wright 


Transparent  and  unflawed  ealcite,  from  which  polar- 
ling  prisms  can  be  made,  is  employed  in  several  types 
f  optical  instruments.  Previous  to  World  War  II,  it  is 
robable  that  no  more  than  200  pounds  of  such  material 
as  used  annually  in  the  United  States,  and  virtually  no 
ightly  colored  (sub-optical)  ealcite  was  used.  In  1943 
lid  1944,  however,  an  acute  demand  developed  for  both 

pes.  The  lower-quality  material  was  used  in  the  manu- 
icture  of  optical  ring  gun  sights.  After  1944,  however, 
le  consumption  of  both  types  dropped  sharply,  and  in 
ic  mid-1950 's  only  about  100  pounds  was  being  used 
imually  in  the  United  States.  This  drop  was  caused 
artly  by  the  substitution  of  polaroid  for  the  optical 
bjects  made  of  ealcite. 

i  The  domestic  production  of  ealcite  of  both  optical  and 
ub-optical  grade  has  been  confined  to  a  few  localities  in 
he  western  United  States  including  two  in  California, 
ut  none  of  the  deposits  has  proved  large  enough  to  sup- 
lort  a  continuing  mining  operation. 

Mineralogy  and  Geologic  Occurrence.  Calcite  (CaCOs) 
s  one  of  the  most  common  minerals  (see  section  on 
imestone,  dolomite,  and  lime  products  in  this  vol- 
irae),  but  rarely  does  it  occur  in  large,  transparent 
rystals  suitable  for  use  as  an  optical  material.  Such 
:alcite  commonly  is  called  Iceland  spar  or  is  designated 

optical  or  sub-optical  ealcite,  depending  upon  quality. 

Calcite  is  characterized  by  a  perfect  rhombohedral 
loavage  at  an  angle  of  75°  and  a  hardness  of  3.  It  will 
il'ervesce  vigorously  in  dilute  hydrochloric  acid.  The 
lijrhest  quality  Iceland  spar  must  be  transparent,  water- 
lear,  and  free  from  cloudiness,  microscopic  inclusions, 
leavage  cracks,  and  twinning.  It  must  occur  in  masses 
large  enough  to  yield  cleavage  rhombohedra  about  one 
jnibie  inch  in  volume.  The  Iceland  spar  that  has  been 
lesignated  and  sold  as  "suboptical"  has  been  held  to 
he  same  specifications  as  optical  calcite  except  that  a 
I'aint  color  or  cloudiness  has  been  tolerated. 

Deposits  of  Iceland  spar  occur  as  discontinuous  veins 
Mid  pockets  that  rarely  can  be  traced  laterally  or  down- 
iward  for  more  than  a  few  tens  of  feet.  Most  of  them  exist 
jiii  areas  of  Tertiary  or  Quaternary  volcanism;  many  are 
nelosed  in  the  volcanic  rocks  themselves,  and  appear  to 
have  formed  at  shallow  depths  during  the  end  stages  of 
I  lie  volcanism.  The  calcite  apparently  has  grown  unob- 
structed into  open  cavities  and  fissures.  It  is  commonly 
iceompanied  by  a  red  clay  which  appears  to  have  altered 
from  the  enclosing  rocks.  Calcite  veins  are  very  abun- 
'lant   in   most   formations   of  limestone,   but   such   vein 
material   is   almost   invariably   opaque   or   semi-opaque, 
and  apparently  has  not  yielded  calcite  of  optical  grade. 
Iceland  spar  has  been  mined  at  many  places  through- 
out the  world,  but  no  single  deposit  has  proved  large 
■uough  to  sustain  a  formal  mining  operation  for  more 
than  a  few  years.  Since  the  late  1930 's  most  of  the  domes- 
tic requirements  for  Iceland  spar  have  been  supplied 
f  from  deposits  in  the  states  of  Sonora  and  Chihuahua, 
Mexico  (King  1946  and  1947;  Fries  1948).  In  these  de- 
posits the  ealcite  occurs  in  cavities  in  young  volcanic 


rocks.  Only  about  one-twentieth  of  the  mined  material 
has  been  trimmed  to  acceptable  grade.  The  domestic  pro- 
duction of  Iceland  spar  has  been  obtained  mostly  from 
deposits  in  Montana,  California,  and  New  Mexico,  but 
none  of  these  sources  has  been  active  in  recent  years. 

Localities  in  California.  Iceland  spar  has  been  mined 
at  two  localities  in  California,  one  in  eastern  Modoc 
County  and  the  other  in  northeastern  San  Diego  County. 
The  Elzie  Bagley  mine,  in  the  Warner  Eange  of  Modoc 
County,  and  about  10  miles  south  of  Cedarville,  was 
worked  intermittently  during  the  period  1920-25,  but 
has  since  been  idle  (Hughes,  1931 ;  and  Spangler  Bicker, 
Engineer,  U.  S.  Bur.  Mines,  personal  communication, 
1949).  The  ealcite  occurs  as  veins,  from  a  few  inches  to 
as  much  as  3  feet  in  thickness,  that  lie  in  andesite  of 
Miocene  age.  Some  of  the  crystal  aggregates  are  said  to 
have  weighed  60  to  80  pounds,  but  few,  if  any,  individ- 
ual crystals  weighed  more  than  12  ounces.  Most  of  the 
mined  crystals  were  too  flawed  or  too  small  to  be  of 
commercial  grade,  but  the  usable  ones  are  reported  to 
have  been  of  excellent  optical  quality.  The  total  output 
of  the  Elzie  Bagley  mine  was  small.  About  1,000  ounces 
of  Iceland  spar  were  sold  in  the  winter  of  1920-21,  which 
probably  was  the  mine's  most  active  period.  The  mine 
workings  consist  of  a  single  open  cut  25  feet  long,  4 
feet  wide,  and  15  feet  in  maximum  depth. 

The  existence  of  the  ealcite  deposits  in  northeastern 
San  Diego  County*  had  been  known  for  many  years,  but 
they  were  worked  for  the  first  time  during  World  War 
II.  They  lie  at  the  southern  end  of  the  Santa  Rosa  Moun- 
tains, about  7  miles  west  of  Truekhaven  on  U.  S.  High- 
way 99.  They  are  collectively  known  as  the  Hilton  de- 
posits and  consist  of  four  principal  groups — the  Central, 
Heather,  Defiance,  and  Victory.  Of  these,  the  Central 
group  has  been  the  most  productive. 

The  calcite  occurs  in  pockets  and  vertical  fissures  in 
sandstone  and  conglomerate  of  the  Palm  Springs  (Plio- 
cene) formation.  The  fissure-fillings  are  diseontinuously 
distributed  along  joints  which  are  otherwise  barren  for 
most  of  their  lengths.  The  largest  and  most  productive 
ealcite  bodies  have  been  found  at  joint  intersections. 
None  of  the  known  ealcite  bodies  proved  to  be  more 
than  30  feet  in  maximum  dimension.  The  calcite  crys- 
tals are  tabular  and  range  from  minute  flakes  to  plates 
as  much  as  18  inches  in  diameter  and  3  inches  in  thick- 
ness. As  trimmed  from  the  mined  material,  the  usable 
plates  have  averaged  between  2  and  3  inches  in  diameter 
and  one-quarter  to  three-eighths  of  an  inch  in  thickness. 
The  calcite  was  mined  mainly  by  means  of  open  cuts, 
the  largest  of  which  are  about  30  feet  deep.  Although 
about  75  cuts  exist  in  the  four  areas,  many  of  them 
yielded  little  or  no  calcite,  and  all  of  them  appear  to 
have  bottomed  in  barren  rock.  Numerous  undiscovered 
calcite  bodies,  however,  probably  remain  in  the  area. 

•  The  following  information  on  the  calcite  deposits  of  San  Diepo 
County  was  obtained  mostly  from  two  sources :  Durrell,  Cordell, 
and  Bell,  G.  L,.,  Calcite  mines  in  northeastern  San  Diego  County, 
California:  U.  S.  Geol.  Survey  Press  Notice,  Nov.  30,  1944;  and 
i?urgess,  John  A.,  Sonora,  California,  personal  communication. 
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Figure  1.     Map  showing  location  of  Hilton  calcite  deposits,  San 
Diego  County. 

The  Hilton  calcite  deposits  were  mined  from  late  1942 
to  early  1944.  About  6,000  pounds  of  Iceland  spar  were 
shipped,  but  some  of  this  output  is  said  to  have  been 
non-usable.  The  acceptable  material  was  used  by  the 
Polaroid  Company  in  the  manufacture  of  gun  sights. 

Mining  Methods  and  Treatment.  As  deposits  of  Ice- 
land spar  have  proved  to  be  small  and  irregularly  dis- 
tributed, they  have  been  worked  by  very  small  scale 
and  short-lived  operations.  Most  of  the  deposits  in  Mexico 
have  been  worked  by  the  prospectors  that  have  discov- 
ered them  and  who  are  experienced  in  the  removal  and 
sorting  of  the  higher  quality  material.  Hand  methods 
are  employed  as  blasting  tends  to  produce  cleavage 
cracks  in  calcite  that  would  otherwise  be  of  good  quality. 
All  of  the  calcite  that  is  deemed  likely  to  contain  salable 
material  is  removed  and  carefully  trimmed  so  that  the 
largest  possible  rhombs  of  transparent  and  unflawed 
material  are  obtained.  Trimming  is  done  with  a  sharp- 
edged  chisel  which  must  be  placed  at  skillfully  chosen 
spots  and  struck  sharply.  The  material  that  is  deemed 
useful  for  optical  purposes  is  first  separated  on  the  basis 
of  ordinary  visual  inspection  in  daylight.  It  is  later  more 
carefully  classified  indoors  with  the  aid  of  a  thin  pencil 
of  light  and  under  magnification. 

Utilization.  The  usefulness  of  Iceland  spar  is  based 
mainly  on  the  property  of  double  refraction.  This  causes 
light,  which  ordinarily  vibrates  in  an  infinite  number  of 


planes,  to  be  resolved  into  two  rays  as  it  passes  through 
a  calcite  rhomb.  Each  ray  vibrates  in  a  single  plane 
which  is  perpendicular  to  the  plane  of  the  other,  and 
each  has  a  different  index  of  refraction.  The  Nicol  prisir. 
is  made  from  a  single  calcite  rhomb.  This  is  cut  diag-^ 
onally,  ground  and  cemented  together  so  as  to  cause  one  1 
of  the  rays  to  be  totally  reflected  and  the  other  to  be 
transmitted.  Nicol  prisms  have  been  used  as  essentia' 
parts  in  polarizing  microscopes,  saccharimeters,  polarim 
eters,  and  similar  instruments.  Optical  calcite  also  was 
used  in  gunsights.  In  recent  years  polaroid,  which  h 
plastic  sheet  that  contains  oriented  quinine  sulfate  crys 
tals,  has  partially  replaced  Iceland  spar  in  these  uses 
Certain  consumers,  however,  still  specify  the  Icelan 
spar. 

Marketing.*  Although  the  domestic  consumption  oi 
high-quality  optical  calcite  is  at  present  (1957)  onh 
about  100  pounds  annually,  a  ready  market  still  existf 
for  such  material.  Its  scarcity  has  led  the  principal  pro^j 
dueers  of  calcite  optics  to  attempt  to  keep  as  much  as 
several  years'  supply  in  reserve.  Two  firms — Crystal 
Optics,  4318  North  Lincoln  Avenue,  Chicago  18,  Illinoisj 
and  Bausch  &  Lomb  Optical  Company,  635  St.  Paul 
Street,  Rochester  2,  New  York,  process  optical  calcite 
Transparent  calcite,  unsuited  to  optical  use,  is  purchased! 
in  small  quantities  by  certain  mineral  dealers  for  resal 
to  mineral  collectors  and  schools.  Three  firms  have  heenj 
listed  as  dealing  in  optical  calcite  per  se :  Fish-Schurmai: 
Corporation,  70  Portman  Road,  New  Rochelle,  New 
York;  John  Schaad  &  Sons,  Byberry  Road  above  Phil 
mont  Avenue,  Huntington  Valley,  Pennsylvania;  an 
Schutte  Optical  Company,  16  Dowling  Place,  Rocheste: 
5,  New  York. 

The  prices  paid  for  optical  calcite  are  nominal  and  an 
based  mainly  on  the  size  of  the  unflawed,  transparen 
rhombs.  The  current  (1957)  prices  average  about  $5i 
per  pound.  Much  lower  prices  are  paid  for  the  poore: 
quality  material  which  is  used  as  specimens. 
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CALCIUM  CHLORIDE 


By  William  E.  Vemi  Planck 


In  1950,  the  production  of  liquid  and  flake  calcium 

^oride  totaled  21,875  tons  (equivalent  to  13,503  tons 

flake  material  containing  75  percent  CaCl2)  valued 

$266,542.  This  was  the  largest  recorded  production  of 

^Icium  chloride  in  California  at  that  time;  and,  al- 

ough  more  recent  figures  are  not  available,  the  pro- 

letion  has  risen  steadily  in  the  period  1950-55  and  has 

ipled  in  the  decade  1945-55  (Rogers,  1955).  In  recent 

ars  the  production  of  calcium  chloride  in  California 

obably  has  not  exceeded  5  percent  of  the  annual  na- 

lual  total  of  the  natural  material,  which  has  been  in 

le  range  of  300,000  to  350,000  tons.  The  recovery  of 

ilcium  chloride  in  the  state  is  confined  to  a  single  playa, 

ristol  Lake,  in  San  Bernardino  County.   This  source 

ipplies  most  of  the  calcium  chloride  consumed  in  south- 

•n  California,  and  the  Bristol  Lake  product  also  is  mar- 

'ted  in  adjacent  parts  of  Nevada  and  Arizona. 

Approximately  half  of  the  calcium  chloride  produced 

I  the  United  States  is  obtained  from  natural  brines, 

particularly  in  connection  with  the  recovery  of  bromine 

nd  magnesia  from  brines  in  Michigan  and  "West  Vir- 

inia.  The  remainder  is  a  by-product  of  ammonia-soda 

lants.  An  estimated  10  percent  of  the  available  supply 

■  recovered  in  these  operations. 

Geologic  Occurrence.  Calcium  chloride  is  a  white, 
)luble,  hygroscopic  salt  whose  most  common  natural 
icurrence  is  in  solution.  Hexahydrated  calcium  chloride 
CaCU -61120)  is  prepared  by  evaporating  a  calcium 
hloride  solution  at  a  temperature  less  than  29°  C. 
"^4°  F.).  Four  other  hydrates  can  be  prepared  by  par- 
lal  dehydration  of  the  hexahydrate,  and  the  water  of 
rystallization  is  completely  driven  off  by  heating  to 
00°  C.  The  anhydrous  salt  can  absorb  more  than  its 
i  eight  of  water  in  24  hours,  and  even  calcium  chloride 
olutions  are  hygroscopic. 

Calcium  chloride  is  present  in  the  complex  saline 
iiineral  taehydrite  (CaCl2-2M;gCl2 -121120)  and  as  an 
rapurity  in  carnallite  (KCl-MgCl2-6H20).  The  only 
latural  sources  of  calcium  chloride  that  are  of  commer- 


cial importance  are  certain  comparatively  uncommon 
terrestrial  brines  of  the  chloride  type  in  which  the 
amount  of  calcium  approximates  the  amount  of  sodium. 
Magnesium  is  usually  a  minor  constituent,  but  the  con- 
centrations of  sulfate  and  carbonate  are  very  low.  In 
California,  calcium  chloride  brines  occur  in  Bristol  Ijake 
and  Cadiz  Lake,  San  Bernardino  County,  in  the  oil  field 
brines  of  Ventura  County,  and  in  an  artesian  well  on 
Mullet  Island,  Imperial  County. 

Calcium  chloride  has  been  obtained  from  Bristol  Lake, 
San  Bernardino  County,  since  1910;  and  at  present 
Bristol  Lake  is  the  only  commercial  source  in  the  state. 
In  the  past,  some  bittern  from  a  salt  works  at  Mullet 
Island  near  Niland,  Imperial  County,  was  sold  as  cal- 
cium chloride  and  used  for  sprinkling  roads.  The  salt 
works  obtained  a  portion  of  its  brine  from  a  well  which 
presumably  was  the  source  of  the  calcium  chloride.  The 
Ventura  County  brine  and  the  Cadiz  Lake  brine  are 
relatively  unfavorable  potential  sources  of  calcium 
chloride.  The  dissolved  solids  content  of  the  Ventura 
County  brine  is  less  than  that  of  average  sea  water.  The 
Cadiz  Lake  brine  is  more  concentrated,  but  calcium 
chloride  forms  a  relatively  low  proportion  of  the  dis- 
solved solids. 

Bristol  Lake.  Bristol  Lake  contains  a  number  of  salt 
beds  intercalated  with  playa  sediments.  Salt  is  produced 
from  the  uppermost  bed  which  is  believed  to  be  mineable 
over  a  5-square-mile  area.  Throughout  this  area  it  aver- 
ages 5  feet  in  thickness,  and  it  is  covered  by  an  over- 
burden that  averages  5  feet  in  thickness.  Calcium  chlo- 
ride is  recovered  from  brine  that  seeps  into  excavations 
sunk  through  the  topmost  salt  bed.  The  brine  varies  in 
both  strength  and  composition  in  various  parts  of  the 
lake  and  at  different  depths,  but  typically  it  contains 
calcium  chloride  and  sodium  chloride  as  the  principal 
dissolved  solids.  Evidence  from  bore  holes  suggests  that 
the  calcium  chloride-rich  brine  is  largely  confined  to  the 
uppermost  30  feet  of  the  playa  deposits. 


Analyses  of  some  calcium  chloride  brines  in  California. 
(Percent  of  the  dissolved  solids.) 


Bristol  Lake' 

Bristol  Lake' 

Cadiz  Lake' 

South  Mtn.  field* 

Mullet  Is.' 

1. 

61.95 
0.08 

o.ol 

20.55 
1.18 

15.52 
0.38 
0.34 

60.99 
0.61 

0.05 

26.86 
0.86 

10.02 
0.35 
0.23 

60.82 
0.38 

30.71 
1.41 
6.12 
0.56 

62.75 

18.10 

18.52 
0.63 

61.8 

•0, 

0.2 

[C03 

0.3 

3.0r... 

TO, 

1.0 

>Ja 

18.6(incl.  K) 

"a 

14.5 

\lg 

3.6 

■^r 

100.00 
27.9 
43.1 

100.00 
17.1 
24.2 

100.00 
7.36 
16.53 

100.00 
3.01 
53.5 

100.0 
9.91 

aClt,  percent  of  dissolved  solids 

simple  from  "canal"  of  National  Chloride  Co.  Recalculated  from  Durrell.  1953,  p.  13.  analysis  II. 

>™ple  from  shallow  well  In  SE}  Sec.  6,  T.  4  N.,  R.  12  E.,  SB.  Recalculated  from  Durrell,  Cordell,  1953,  analysis  I. 

lialc  and  Hicks.  1920,  p.  418. 

Brine  from  oil  well.  Hudson  and  Taliaferro,  1925,  p.  1078,  analysis  17. 

Brine  from  artesian  well.  Recalculated  from  Coleman,  1929,  p.  221. 
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CALCIUM     CHLORIDE    PRODUCTION 
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Figure  1.     Chart  showing  the  production  of  calcium  chloride  in  California,  1920-53. 


1955 


A  calcium  chloride-rich  brine  in  a  playa  lake  is  un- 
usual and  must  have  formed  under  unusual  geologic 
conditions.  One  possible  source  that  has  been  proposed 
for  the  high  calcium  chloride  content  of  the  Bristol  Lake 
brine  is  the  volcanism  associated  with  the  Bagdad 
Crater,  a  Recent  volcanic  cone  on  the  northwest  margin 
of  the  playa  (Gale,  1951,  p.  10).  According  to  another 
hypothesis,  the  calcium  chloride  is  the  result  of  a  base 
exchange  process  in  which  calcium  of  the  clay  molecules 
in  certain  clay  beds  is  exchanged  for  a  portion  of  the 
sodium  of  a  nearly  pure  sodium  chloride  brine  (Rosen- 
stein,  Ludwig,  personal  communication,  1954). 

Brines  are  collected  by  the  California  Salt  Company 
and  the  National  Chloride  Company  of  America.  The 
former  employs  pits  from  which  the  brine  is  gathered 
by  tank  truck,  while  the  latter  uses  a  system  of  ' '  canals ' ' 
or  ditches  with  a  total  length  of  nearly  5  miles  sunk  into 
the  mud  beneath  the  first  salt  bed.  The  brine  remains 
for  some  time  in  these  pits  and  canals  and  is  appreciably 
concentrated   by   evaporation.    From   time  to   time   the 


sodium    chloride    that    precipitates    in    them    must   bd 
cleaned  out. 

The  brine  is  transferred  to  solar  evaporation  ponds'" 
at  approximately  24°  Be  and  further  concentrated.  At! 
40°   Be,  the  practical  limit  of  concentration  by  solari 
evaporation,  the  volume  is  reduced  to  one-sixth  that  ofj 
the  brine  pumped  in,  and  almost  all  of  the  sodium  chlo-j 
ride  has  precipitated.  The  sodium  chloride  is  discarded.] 
Much  of  the  production  is  shipped  as  liquid  calcium  • 
chloride  in  tank  trucks  or  cars  without  further  treat- 
ment. The  rate  of  evaporation  varies  notably  with  the 
season  and  time  of  day.  Ordinarily  the  evaporation  of  a 
pond  requires  between  one  and  two  months,  although! 
occasionally  as  little  as  two  weeks  is  sufficient  in  the! 
height  of  the  summer.  On  winter  days  when  evaporating  j 
conditions  are  poor  the  strong  liquor  sometimes  extracts  \  I 
moisture  from  the  air,  and  its  specific  gravity  declines. 

Hill  Brothers  Chemical  Company  purchases  40° 
liquor  from  one  of  the  producers.  A  portion  is  resold, 
and  another  portion  is  converted  to  flake  calcium  chlo- 
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Calcium-sodium  chloride  brine 
(24'>  Bel 


PITS 


CANALS 


TANK   TRUCKS 


SOLAR      CONCENTRATING 
PONDS 


C0CI2  liquor 
(40°  Be) 


Salt 
(NoCI) 


To  market 

heol ({tanks  I 


liquor 
(70-80°  Be) 


Chilling 


Flake  colcium 
chloride 


To  market 

Figure  2.  Flow  chart  show- 
ing method  of  recovering  calcium 
chloride  from  Bristol  Lake  brine. 

;de  which  has  a  CaCl2  content  of  73  to  75  percent.  In 

e  preparation  of  thi.s  material  the  40°  liquor  is  further 

porated  by  heating  it  to  approximately  350°  F.  in 

idlers  fired  with  oil  burners ;  and  the  hot,  saturated 

lution  is  chilled  on  a  revolving,  water  cooled  drum. 

following    drying    and    cooling    steps,    the    flakes    are 

acked  in  moisture-proof  paper  bags. 

Uses.     The  uses  of  calcium  chloride  have  developed 

inly  because  (1)  as  an  industrial  chemical,  it  is  a 
leadily  available  soluble  calcium  compound;  (2)  it  is 
lygroscopic;  (3)  the  solution  has  a  low  freezing  point 
51°  P.)  ;  and  (4)  solutions  of  calcium  chloride  have 
I  relatively  high  specific  gravity  (a  40°  Be  solution  is 
•ne-third  heavier  than  water). 

As  an  industrial  chemical,  it  is  used  in  the  recovery 
if  certain  metals  from  their  ores  and  in  the  precipita- 
ion  of  calcium  alginate  in  the  manufacture  of  algin 
from  sea  weed.  It  is  added  to  concrete  to  accelerate  the 
ime  of  setting,  increase  the  early  and  final  strength, 
lid  curing,  and  improve  the  workability.  A  fraction  of  a 
jereent  of  calcium  chloride  is  sometimes  added  to  the 
raw  materials  in  cement  manufacture  to  decrease  the 
ilkali  content  of  the  clinker.  It  is  also  applied  as  a 
Bethod  of  weed  control  and  soil  compaction. 

The  low  freezing  point  of  calcium  chloride  has  led 

:o  its  use   (1)  as  a  brine  medium  in  skating  rinks  and 

n  the  manufacture  of  ice  and   preparation  of  frozen 

confections;  (2)  as  a  medium  for  de-icing  roads;  and  (3) 

IS  an  antifreeze  for  fire  barrels.  As  a  hygroscopic  mate- 

ial,  it  has  proved  useful  in  dehumidification  of  air,  the 

reproofing  of  foliage,  the  drying  of  walnuts,  and  con- 

rol  of   dust   on   such   surfaces   as   roads,    construction 

ards,  parking  lots,  and  playgrounds.  Because  of  their 

high  specific  gravity,  calcium  chloride  solutions  are  used 


as  a  medium  for  oil-well  drilling  and  as  ballast  in  tractor 
tires. 

Most  of  the  calcium  chloride  marketed  in  southern 
California  is  used  in  the  treatment  of  ore  and  sea  weed 
and  by  the  concrete  industry.  Significant  quantities  are 
used  for  dust  control  and  refrigeration,  and  a  compara- 
tively minor  amount  is  consumed  in  the  drying  of  wal- 
nuts and  in  oil  well  drilling. 

Marketing.  The  calcium  chloride  market  in  southern 
California  and  in  nearby  parts  of  Nevada  and  Arizona 
is  supplied  almost  wholly  by  material,  in  both  flake  and 
liquid  form,  obtained  at  Bristol  Lake.  Such  materials 
are  sold  as  far  north  as  Stockton.  The  market  in  north- 
ern California  is  supplied  largely  by  flake  and  pellet- 
ized  calcium  chloride  shipped  from  the  eastern  United 
States. 

In  the  eastern  United  States  calcium  chloride  is 
prepared  in  C.P.  and  U.S. P.  grades.  The  commercial 
grade,  94  to  97  percent  CaCU,  is  marketed  in  pellet 
form.  Partly  dehydrated  calcium  chloride  is  marketed  in 
flake  form.  Eastern  flake  calcium  chloride  contains  77 


Figure  3.  I'hoto  showing  a  "canal"  for  the  collection  of  cal- 
cium chloride  ])rine,  I»ri.stol  liake.  San  Bernardino  (.'ounty.  Brine 
is  transferred  from  these  ditches  to  ponds  where  it  is  concentrated 
liy  solar  evaporation  to  40°  Banme.  At  tliis  density  almost  all  of  the 
sodium  chloride  has  precipitated.  Much  of  the  40°  liquor  is  sold  as 
liquid  calcium  chloride,  and  the  remainder  is  made  into  flake  cal- 
cium chloride. 
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to  80  percent  calcium  chloride  and  California  flake  73 
to  75  percent.  Much  calcium  chloride  is  sold  in  the  form 
of  solutions  of  36°-40°  Be. 

Typical  prices  in  the  Los  Angeles  area  in  1955  were 
as  follows: 

Desert  Brand  flake  (California),  73-75  percent,  1  to 
5  ton  lots,  $65  per  ton. 

Eastern  flake,  77-80  percent,  1  to  5  ton  lots,  $84  per 
ton. 

Anhydrous,  commercial  grade,  94  percent,  1  to  5  ton 
lots,  $86  per  ton. 

Liquid  (California),  36°-40°  Be,  13  cents  per  gallon 
in  quantities  of  1000  gallons. 

BIBLIOGRAPHY 

Coleman,  G.  A.,  1929,  A  biological  survey  of  Salton  Sea :  Cali- 
fornia Div.  Fish  and  Game,  California  Fish  and  Game,  vol.  15, 
p.  221.    (Analysis  of  artesian  water  at  Mullet  Island.) 


Durrell,  Cordell,  1953,  Celestite  deposits  of  Bristol  Dry  Laki 
San  Bernardino  County,  California :  California  Div.  Mines  Specia 
Kept.  32,  p.  13,  analyses  I,  II.    (Bristol  Lake  brine.) 

Gale,  H.  S.,  1951,  Geology  of  the  saline  deposits  of  Bristc 
Dry  Lake,  San  Bernardino  County,  California :  California  Div 
Mines  Special  Rept.  13,  21  pp. 

Gale,  H.  S.,  and  Hicks,  W.  B.,  1920,  Potash :  Min.  Res.  U.  S 
1917,  pt.  2,  pp.  418,  419.   (Exploration  at  Cadiz  Lake.) 

Holden,  E.  R.,  1950  (Feb.),  Reduction  of  alkalies  in  portlam 
cement:  Irid.  Eng.  Chem.,  vol.  42,  no.  2,  pp.  337-341.  (Use  o 
calcium   chloride.) 

Hudson,  F.  S.,  and  Taliaferro,  N.  L.,  1925,  Calcium  chloridi 
waters  from  certain  oil  fields  in  Ventura  County,  California :  j^n 
Assoc.  Petroleum  Geologists  Bull.,  vol.  9,  pp.  1071-1088.  T 

National  Academy  of  Sciences,  1952,  Calcium  chloride  in  cOa 
Crete:  Nat.  Acad.  Sci. — Nat.  Research  Council,  Pub.  217.   (Anno| 
tated  bibliography.) 

Rogers,   T.   L.,   1955,   The   occurrence,    production,   and   use  o:| 
calcium  chloride  in  southern   California :   Unpublished  paper  prej 
sented  before  fall  meeting  of  Mining  Branch,  Southern  Californii 
Section,  Am.  Inst.  Min.  Met.  Eng. 


CARBON  DIOXIDE 

Bt  Harold  B.  Goldman 


All  but  a  very  small  proportion  of  the  naturally  oc- 
iirring  carbon  dioxide  gas  that  has  been  produced 
ommercially  in  California  has  been  obtained  from  two 
iclds.  one  near  the  Salton  Sea  in  Imperial  County  and 
he  other  near  Hopland  in  Mendocino  County.  The  Men- 
locino  County  field  was  opened  in  1936  and  was  con- 
iiiuinpr  to  be  productive  in  1955.  The  Imperial  County 
icld  was  active  from  1932-1954.  The  total  recorded  pro- 
liiction  from  these  fields  is  about  3  billion  cubic  feet 
alued  at  about  3  million  dollars. 

Approximately  75  to  80  percent  of  the  carbon  dioxide 
>i'oduced  in  California  is  obtained  artificially  by  manu- 
acturing  processes  which  extract  the  gas  (1)  from  flue 
■ases  resulting  from  the  combustion  of  fuels;  (2)  as  by- 
|)roducts  of  plants  which  produce  ammonia  from  the 
natural  gas  of  oil  fields;  (3)  from  gases  resulting  from 
ilcohol  fermentation;  and  (4)  from  the  burning  of  lime- 
stone. 

Natural  sources  account  for  the  remainder.  Approxi- 
mately 10  to  15  percent  of  the  total  carbon  dioxide  being 
produced  is  chemically  extracted  as  a  by-product  from 
nil  field  gases  and  about  5  to  10  percent  obtained  directly 
from  natural  carbon  dioxide  wells. 

Liquid,  gas,  and  solid  carbon  dioxide  produced  in  the 
Tnited  States  in  1953  totaled  743,368  short  tons  valued 
Mr  41.3  million  dollars  of  which  80  percent  was  in  the 
form  of  dry  ice  (U.  S.  Bureau  of  Census,  1954).  About 
(i70,600,000  cubic  feet  (about  40,000  short  tons)  were 
lihtained  from  natural  sources  in  the  United  States  in 
I!t53;  approximately  a  third  of  this  total  was  produced 
li'om  natural  sources  in  California. 

Properties.  Carbon  dioxide  is  a  colorless,  invisible, 
non-inflammable,  odorless,  inert  gas.  It  is  known  to  the 
roal  miner  as  "black  damp"  often  causing  fatalities  by 
smothering.  The  gas  can  be  liquefied  at  31.1°  C.  (87.8° 
K.)  under  a  pressure  of  73  atmospheres  and  solidified  at 
-56°  C.  ( — 69.9°  F.)  under  a  pressure  of  5.1  atmos- 
pheres. Cold  liquid  carbon  dioxide  under  pressure, 
I  xpanded  rapidly  into  air  will  precipitate  directly  as  a 
solid  resembling  snow,  having  a  temperature  of  ■ — 78.3° 
<'.  ( — 109°  F.).  This  snow,  compressed  into  blocks  is 
sold  imder  the  term  of  "dry  ice."  The  solid  is  about  1.3 
times  as  heavy  as  water  and  evaporates  to  form  the  gas 
without  melting.  Carbon  dioxide  as  a  solid  is  valued 
because  of  its  dryness,  relatively  high  specific  gravity, 
refrigerating  effect,  low  temperature,  and  insulating 
and  desiccating  action  of  the  gas  evolved  (Shreve,  1950, 
p.  111). 

TdJile  1.     Physical  properties  of  cnrhon  dioxiiJe  (after 
Rook  and  Williamn,  1!)J,2.  p.  1.',.) 


1  li'nsity  as  a  solid  (dry  ice  at  — 109.3°  F.) 

1  >''nsity  as  a  Kas  at  32°F.  and  1  atm.  pressure.  _ 

97.56  lb.  per  cu.  ft. 
0,12341  lb.  per  cu.  ft. 
1.52 

'Icmperature  of  solid  (dry  ice)  at  1  atm 

1  iifrigerating  effect  due  to  change  of  state  from 
solid  to  gas 

—78.3°  C  (—109.3°  F.) 
275  B.T.U.  per  lb. 

31.1°  C.  (87.8°  F.)  &  73  atm, 
(1069,9  lbs,  ijer  sq.  in.) 

—56°  C.  (—69.88°  F.)  &  5.1 
atm.  (75.13  lb.  per  sq.  in.) 

Origin.  Carbon  dioxide  occurs  in  nature  in  many 
volcanic  gases,  mineral  springs  and  in  subsurface  reser- 
voirs. It  is  an  important  accessory  constituent  of  air 
and  ocean,  although  present  in  fractional  percentages. 
Clarke  (1924,  pp.  50,  148)  estimates  that,  at  3  parts  in 
10,000,  the  carbon  dioxide  in  the  atmosphere  amounts  to 
about  2,200  billion  tons,  whereas  the  44  milligrams  per 
liter  of  carbon  dioxide  in  the  ocean  would  total  about  25 
times  the  amount  in  the  air.  However,  these  percentages 
are  too  small  to  permit  a  commercial  extraction  of  the 
carbon  dioxide  from  either  the  air  or  ocean. 

Carbon  dioxide  is  present  in  various  concentrations 
in  many  volcanic  gases  and  appears  to  be  the  normal 
product  accompanying  the  last  stages  of  volcanic  activ- 
ity. Volcanoes  or  igneous  masses  contribute  gases  to  the 
atmosphere,  ocean,  ground  water  and  accumulations 
form  underground  where  there  are  favorable  structural 
traps.  All  igneous  rocks  contain  gases  which  are  evolved 
when  strongly  heated  in  a  vacuum.  Analyses  of  these 
gases  show  that  the  principal  constituents  are:  water, 
carbon  dioxide,  and  hydrogen  with  subsidiary  concentra- 
tions of  carbon  monoxide,  nitrogen,  methane  and  hydro- 
gen sulfide  (Quinn  and  Jones,  1936,  p.  24). 

Tahle  2.     Percent  hy  volume  of  carbon  dioxide,  nitrogen  and  oxygen 
in  various  volcanic  gases  (Quinn  and  Jones,  1936.  p.  2Ji). 


Source 

Date 

CO: 

Ni 

02 

Hawaii,  the  crater 

1912 
1865 

1869 
1865 
1856 

1856 
1870 

1904 
1868 
1846 

1919 

1907 

62.3 
4.8 

90.2 

5.0 

97.9 

86,0 
98,8 

52,8 
98,2 
88,24 

70,4 

71,1 

13,8 
75,6 

6.2 

77.28 

2,1 

14,0 
1,8 

36,07 

0"69 

12,8 

26.9 

0,0 

19,6 

Phlegrean   Fields,  Torre  del  Greco,  Flow 
of  1694 

0.08 

17.27 

Sicily,  Salinelle  of  Paterno  Acqua  Hossa 

Lipari  Isles,   Vulcano,  near  the  chemical 
works 

0.4 

West  Indies,  Guadeloupe  fumarole  of  the 

7.5 

Colombia,  S.  America,  Purace  Solfatora... 

Iceland,  Krisuvilc,  second  fumarole    

Katami,    Ten    Thousand    Smokes,    Nora 

1.0 

Canary    Island,    Pico    de    Teyde,    south 

rill. 642  cu.  ft.  of  CO2  gas  =  1  cu.  ft.  solid  CO2  and  16,285,39  cu,  ft,  of  CO2  gas  is  re- 
quired to  make  1  ton  solid  CO2. 


Accumulations  of  carbon  dioxide  may  have  formed 
by  the  action  of  igneous  rocks  at  depth,  coming  in  con- 
tact with  limestones,  dolomites,  coal  or  organic  matter 
and  driving  off  the  gas  as  a  direct  result  of  heat  (Miller, 
J.  C,  1933,  p.  19). 

Gas  in  springs  may  be  caused  by  the  action  of  acidic 
waters  on  carbonates  of  sodium,  calcium  and  magnesium. 
Miller  (1933,  p.  19)  suggests  that,  aside  from  these 
inorganic  sources,  which  are  the  results  of  igneous  and 
chemical  activity,  carbon  dioxide  may  also  be  the  prod- 
uct of  organic  decay.  The  common  association  of  carbon 
dioxide  with  hydrocarbons  in  sedimentary  rocks  indi- 
cates that  organic  matter  was  present  in  the  producing 
or  adjacent  strata.  Many  wells  drilled  for  oil  give  off 
large  quantities  of  carbon  dioxide  with  the  oil.  Natural 
gases  containing  high  percentages  of  carbon  dioxide 
occur  in  the  western  states :  Colorado,  Utah,  New  Mexico, 
Washington,  Oregon  and  California;  and  in  other  coun- 
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CARBON   DIOXIDE   (SOLID  OR  LIQUID) 
From  Flue  or  Kiln  Gases  by  Absorption 

COOLER        GAS-HOLDER   COOLER 
Cooling  waterA' 


CONDENSER 


WATER 
SCRUBBERS 


Water- 


Flue  Gas 
18% 
CO 2-* 
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ABSORBERS 
Waste  gas 

•   —  i— 


4r 


t      BLOWER 
lo  sewer 


STEAM-DRIVEN 
COMPRESSOR 


(■900  Ib/sq  in.  liquid )\ 
(1,100  Ib/sq  in.solid)\i 


..LIQUID  CO2 
J     STORAGE 


Liquid 
CO  2 


i 


Gas' 


EXPANSION 
TANK 


_    CO2 
-"SNOW 


Strong  Lye- 


HEAT 
EXCHANGER 


PURIFYING 
SYSTEM 


SOLID  CO2 
PRESS 


Dry  Ice" 

Solid 

CO2 


->  COa 

->  CaO  +  CO2 

->  2NaHC03 

->  Na2C03+  H2O  +  CO2 


Reaction : 

Combustion:  C  (amorph.)  +  02(air)  ■ 

Thermal  decomposif  lor,:  CaCOj  +  Heat  • 

Recovery:  CO2+ Na2C03  +  H2O - 

21MaHC03+  Heat- 

Moteriol  and  Utility  Requirements: 

Basis-  I  ton  solid  corbon  dioxide  trom  18  per  cent  flue  gas. 
Natural  gas     2,200  cu.  ft.  Steom  20,000  1b. 

Sodium  carbonate     25  lb.  Electricity  10    kw.-hr. 

Water  20,000  gal. 

In  place  of  natural  gas  some  plants  use  I  ton  soft  coal,  coKe  or  130  gallons  fuel  oil. 


Figure  1.     Flow  sheet  showing  production  of  carbon  dioxide  from  flue  gas. 


tries :  Tampico,  Mexico ;  Alberta,  Canada ;  and  New  Ply- 
mouth, New  Zealand. 

Occurrences  in  California.  Carbon  dioxide  was  first 
produced  commercially  in  California  in  1894  from  a 
gas-filled  drift  on  the  575'  level  of  the  New  Almaden 
mine  in  Santa  Clara  County.  The  drift  was  sealed  off 
and  the  gas  drawn  off  through  a  pipe  in  the  bulkhead. 
This  gas  was  compressed  and  used  to  manufacture  soda 
water.  Production  stopped  in  1896.  There  is  no  record 
of  carbon  dioxide  being  produced  from  1896  until  1933 
when  the  Imperial  County  field  was  developed. 

The  Imperial  County  gas  field,  about  4J  miles  south- 
west of  Niland  at  the  edge  of  the  Salton  Sea,  was  active 
from  1932-1954.  In  this  area  carbon  dioxide  occurs  at 
shallow  depths  in  Quaternary  alluvium  composed  of 
sand  and  clay.  The  original  source  of  the  gas  seems  to 
be  related  to  igneous  activity.  According  to  magnetic 
studies  (Kelley  and  Soske,  1936,  p.  506),  the  entire  area 
is  underlain  by  a  batholithic  mass.  Recent  voleanism, 
marked  by  volcanic  domes  and  mud  pots,  suggests  that 
the  mass  is  still  consolidating.  The  wells  appear  to  be 
aligned   with   the   southeasterly   projection   of   the   San 


Andreas  fault  which  may  well  have  been  the  means  bj 
which  the  carbon  dioxide  gas  migrated  into  the  overlying 
sediments  (Rook  and  Williams,  1942,  p.  27). 

In  late  1932  the  original  discovery  well  was  drilled 
in  sec.  12,  T.  11  S.,  R.  13  E.,  S.  B.  B.  &  M.,  by  the 
Salton  Sea  Chemical  Products  Corporation.  Remarkablj 
pure  carbon  dioxide  gas  (99.1  percent)  was  encoun 
tered  at  750  feet  in  considerable  quantity,  but  no  com 
mercial  use  was  made  of  the  gas  from  the  well.  Anothei 
well  was  drilled  iu  1933,  and  produced  sufficient  gas  t( 
permit  the  company  to  install  a  pilot  plant  to  manii 
facture  dry  ice.  The  first  commercial  plant  was  com 
pleted  about  August  1,  1934.  Salton  Sea  Chemical  Prod* 
ucts  Corporation  was  dissolved  in  October,  1935,  anc 
the  assets  acquired  by  the  Pacific-Imperial  Dri-Ice  Ine 
This  corporation  operated  the  plant  and  properties  untL 
February,  1940,  when  it  was  acquired  by  the  Natura 
Carbonic  Products,  Inc.,  which  operated  until  1944. 

In  1934,  Imperial  Carb.-Ice  Corporation  drilled  foui|: 
wells  in  sec.  2,  T.  11  S.,  R.  13  E.,  and  sold  the  gas  unti' 
1937  to  the  Salton  Sea  Chemical  Products  Corporation! 
In  that  year  the  National  Dry  Ice  Corporation  acquire 
the  assets  of  the  Imperial  Carb.-Ice  Corporation  and 
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Tahle  3.     Analysis  of  high  carion  dioxide  natural  gases  from  wells  in  the  United  States.^ 
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state 

County 

Field 

Age  of  gas- 
producing 
formation 

Depth  of 

producing 

zone  (in  feet) 

Initial 
daily 
flow  per 
well  (in 
thou- 
sands cf 
cubic 
feet) 

Initial 

pressure 
(pounds 

per 
square 
inch) 

Percent 

methane 

(CH.) 

Percent 
ethane 
(CH.) 

Percent 
carb'm 
dioxide 

(COi) 

Percent 

oxygen 

(0,) 

Percent 
nitrogen 

(N,) 

Percent 

helium 

(He) 

Jackson 

Garfield 

Garfield 

Colfax 

Waldens 

U.  Cretaceous  -_ 
U.  Cretaceous  _ . 

Jurassic  ? 

Triassic 

Triassic 

Pennsylvanian  _  _ 

Triassic 

Permian 

Permian 

Tertiary 

Tertiary 

Tertiary 

Tertiary 

Tertiary 

Tertiary 

Tertiary 

Quaternary' 

Jurassic 

4875-5113 
2857-3769 

1509 
1420 
1240-1340 

940 
3120 
3093 
1300-5000 

900 

1400-4800 
1400-4800 
1400-4800 
1200-3000 
1100-4280 

200-  400 

500-  700 

350 
1700 

35,000 

500 
5,000 

200 

3,B00 

9,000 

20,000 

60 

40 
1,940 

1,000 

25 
432 

36 
900 
760 

80-100 
30 

0.52 
65.00 
19.69 
0.00 
0.00 

0.00 
0.30 
66.20 
84.30 
87.70 
65.20 
42.20 
88.00 
62.70 

1.75 

3.95 
4.20 
4.39 
0.00 
0.00 

5.70 

1.00 
8.00 
0.00 
9.40 

37.50 
0.00 

20.20 

92.14 
20.00 
61.05 
67.20 
90.00 
97.94 
98.20 
31.70 
98.30 
30.40 
6.50 
10.50 
24.20 
16.50 
11.10 
15.50 
99.10 

97.0 

0.09 
0.40 
0.27 
4.10 
2.20 

0.27 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.20 

0.73 

3.16 
10.40 
14.60 
28.70 

7.80 

61.02 
1.14 
2.40 
1.20 
1.80 
1.20 
3.80 
0.90 
1.40 

0.50 

0   14 

Carbonera 

Carbonera 

Jaritas  Dome 

Wagon  Mound _ 

Estancia' 

New  Mexico 

N'cw  Mexico 

Torrance 

Harding 

I'tah 

Woodside 

1  31 

rt:vh         .    _.. 

Carbon 

Kern 

0.03 

McKittrick" 

Kern  River* 

Sunset' 

Sunset-Midway' 

Buena  Vista  Hills'.  __ 

Coalinga' 

Santa  Maria'  ' 

Niland' 

Kern 

Kern 

Kern 

California 

(  alifornia 

*  "alifcrnia 

Kern 

Fresno 

Santa  Barbara- _ 
Imperial 

Mendocino 

:ilifornia 

Hopland^ 

.\fter  Dobbin,  C.  E..  1935.  p.  1068. 
-  Field  from  which  carbon  dioxide  has  been  removed  commercially. 
■  i'roducing  oil  fields. 

erected  a  dry  ice  plant  in  Niland.  The  National  Dry  Ice 
Corporation  (now  Cardox  Corporation)  operated  in  the 
field  until  April  1954.  The  entire  field  was  continually 
developed  from  1932-1954.  By  1943  a  total  of  66  wells 


had  been  drilled  of  which  only  half  were  completed  as 
producers.  Numerous  additional  wells  were  subsequently 
drilled  as  the  average  life  of  a  well  was  from  1  to  2 
years  because  of  sand  and  precipitated  calcium  carbon- 


CARBON   DIOXIDE  FROM  ALCOHOL  FERMENTATION 
(Reich  Process) 


ALCOHOL 

SCRUBBER 

99.8  %  CO2  _ 

from  fermenters 


WATER 
SCRUBBERS 
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CfiHioOc 
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I  bu.  corn  or  6  gel.  molosses  =  2/2  gal. ethyl  olcoho 


^  2C2H5OH  +  2CO2 

(190  proof) 


and  17  Ib.COa 


Material   and  Utility  Requirements: 

Basis-  I  ton  solid  carbon  dioxide 
Potassium  bichromate  0.5  lb.  Water 

Sodium  carbonate  0.01  lb.  Electricity 

Sulfuric  acid   (Se-'Be)  6  gal.  Oil 

Steam   (pumps  only-compressors)  20,000   lb. 


2,000  gal. 
5.9  kw.-hr 
0.01  gal. 


Pure  CO2 
to  condensers 


Weal< 
HzSO^fo 
inversion 


Figure  2.     1<  low  sheet  showing  production  of  carbon  dioxide  from  alcohol  fermentation. 
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Figure  3.     Flow  sheet  showing  production  of  carbon  dioxide  from  natural  wells,  Caldri  Ice  Corp.,  Hopland. 


ate  sealing  the  well  perforations.  Production  was  ulti- 
mately obtained  from  an  area  about  2  miles  wide  by 
3  miles  long.  The  original  productive  zone  was  200  to 
400  feet  deep  with  the  most  recent  production  coming 
from  a  deeper  zone  500  to  700  feet  deep.  In  the  early 
1950s  the  addition  of  irrigation  waters  to  the  Salton  Sea 
caused  a  rise  p\  the  water  level.  In  1954  this  water 
encroachment  was  an  important  factor  in  forcing  the 
one  remaining  producer,  the  Cardox  Corporation,  to 
abandon  the  field  and  seek  a  more  convenient  and  eco- 
nomical supply  of  gas.  Prior  to  abandonment  in  April 
1954,  12  wells  Mere  in  operation.  A  total  of  approxi- 
mately 2i  billion  cubic  feet  of  carbon  dioxide  was  pro- 
duced from  this  field. 

The  Ilopland  carbon  dioxide  field  in  Mendocino 
County  lies  2  miles  north  of  the  settlement  of  Hopland 
on  the  east  bank  of  the  Russian  River.  The  gas  occurs 
at  depths  of  300  to  1700  feet  in  rocks  of  the  Franciscan 
formation.  Wells  were  drilled  near  seeps  in  the  Recent 
river  alluvium  at  the  edge  of  a  landslide  area  of  Fran- 
ciscan graywacke,  serpentine,  and  metasedimentary 
rocks.  Approximately  50  feet  of  alluvial  fill  overlies  an 
undifferentiated  bedrock  sequence  of  graywacke,  chert, 
serpentine,  shale,  greenstone,  and  glaucophane  schist. 
Examination  of  the  electric  log  and  the  cuttings  from 
the  most  recent  well  revealed  three  producing  zones.  A 
shallow  zone,  from  which  the  earliest  production  was 
obtained,  extends  in  depth  from  300  to  500  feet  in  a 
sequence  of  chert  and  graywacke.  An  intermediate  zone 
extends  from  a  depth  of  approximately  670  to  820  feet 
in  a  sequence  of  graywacke  and  chert.  The  deepest  zone 


starts  at  900  feet  and  extends  to  depths  exceeding  1250 
feet.  The  predominant  rock  types  in  the  deep  zone  are 
sheared  serpentine  and  graywacke.  As  much  as  1000  gal- 
lons of  water  per  minute  are  discharged  with  the  gas  at 
temperatures  ranging  from  140°  to  185°  F.  The  quan- 
tity of  gas  increases  with  depth,  and  in  the  deepest  we 
(1700  feet)  pressures  up  to  30  pounds  per  square  ineti 
are  obtained.  The  lateral  extent  of  the  field  is  unknown, 
as  exploration  drilling  is  limited  to  the  leased  area  oi 
1  acre.  Theories  about  the  origin  of  the  gas  are  specula- 
tive. Recent  volcanism  related  to  that  in  the  vicinity  o£ 
Clear  Lake,  about  20  miles  to  the  east,  may  be  a  possib^ 
source.  Presumably  the  gas  migrated  into  the  poroi^ 


FlGlitE  4.     Xaliiral  carbon-dioxide  wells.  Caldri 
Ice  Corp.,  Hopland. 
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Table  .}.     Principal  sources  of  carion  dioxide  in  Californin. 
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Source 

Percent 

of  totol 

production 

(approx.)' 

25 

5-10 

10-15 

Oil  field  containing  16  percent  COj  in  natural  gas^ 

75 

Hy-product  from  ammonia  plants  (natural  gaa  used  as 
raw  material) 

I'lue  gas  recovery  from  burning  natural  gas 

35-40 
35-40 
1-  2 
Captive  use* 

liurning  of  limestone 

Kstimated  from  plant  capacities. 
-  For  otiier  California  oil  fields  that  report  high  carbon  dioxide  content  see  table  3. 
West  End  Chemical  Company,  Searles  Lake,  produces  carbon  dioxide  for  own  use  in  chem- 
ical manufacturing. 

zones  of  highly  fractured  and  sheared  rocks  which  also 
'ontain  considerable  quantities  of  ground  water. 

The  discovery  well  was  drilled  in  1931  by  the  Caldri 
Ice  Corporation,  Old  River  Road,  Hopland.  The  well, 
i-iOO  feet  dee]),  produced  approximately  40,000  cubic 
I  feet  per  day  of  97  percent  pure  carbon  dioxide  gas.  A 
lilant  was  subsequently  built  by  the  Caldri  Corporation 
at  the  site  of  the  well.  In  1936,  the  first  year  of  produc- 
tion, about  6  million  cubic  feet  of  carbon  dioxide  was 
[iroduced.  The  gas  had  to  be  vacuum  pumped  from  the 
well  and  the  desire  for  a  greater  yield  and  higher  gas 
pressure  caused  the  owners  to  drill  additional  and 
ilceper  wells.  In  1950,  6  wells  350  feet  deep,  10  and  8 
inches  in  diameter  and  one  well  790  feet  deep,  12  to  8 
inches  in  diameter  were  active.  The  most  recently  drilled 
well  (1700  feet)  has  a  capacity  of  almost  2  million  cubic 
feet  a  day.  This  well  yields,  in  addition  to  gas,  1000 
gallons  per  miinite  of  water  at  140°  F.  A  total  of  fifteen 
wells  have  been  drilled  in  this  field.  All  wells  but  one 
are  capped  and  production  is  exclusively  from  the  1700- 
fiiot  well.  The  gas  is  dewatered  at  the  well  and  piped 
to  the  plant  where  it  is  dried,  pxirified,  compressed  to 
li(|uid  and  transformed  into  solid  dry  ice.  The  solid  is 
sawed,  wrapped  and  shipped  by  truck  trailer  to  northern 
(  alifornia,  Washington,  Oregon,  and  Nevada.  The  plant, 
Avith  all  new  equipment  including  a  2500-pound  hydrau- 
lic press,  is  estimated  to  cost  between  half  and  three- 
Muarters  of  a  million  dollars  and  can  produce  30  tons 
a  day.  In  1956  Caldri  became  a  subsidiary  of  the  Na- 
tional Cylinder  Gas  Company.  Since  1936  an  estimated 
(iOO  million  cubic  feet  of  carbon  dioxide  gas  has  been 
produced   from   this  field. 

The  Ukiah  carbon  dioxide  field  is  the  only  other  place 
in  California  where  carbon  dioxide  has  been  recovered 
oil  a  commercial  basis,  but  its  output  has  been  very 
small.  Two  wells  were  drilled  on  the  south  side  of  Clay 
Street  in  the  city  of  Ukiah  by  L.  J.  &  Bess  Gibson  in 
late  1939  or  early  1940.  The  first  well  was  drilled  to  a 
ilepth  of  235  feet  and  the  gas  shut  in.  The  second  well 
'1  rilled  to  a  depth  of  465  feet  flowed  gas  and  water  for 
a  while  but  later  had  to  be  pumped.  A  processing  plant 
at  the  site  of  the  wells  removed  the  water,  filtered  out 
the  impurities,  compressed  and  cooled  the  gas  to  a  liquid 
for  delivery  in  trucks.  The  plant  has  been  idle  since  1948 
'O'Brien,  1953,  p.  356). 

In  addition  to  the  three  fields  already  described, 
minor  occurrences  of  carbon  dioxide  gas  have  been  re- 


FiGURE  5.     Photograph  showing  hydraulic  press  manufacturing 
solid  carbon  dioxide  (dry  ice)  at  Caldri  Ice  Corp.,  Hopland. 


ported  from  California.  Gas  from  mineral  springs  in 
Lake  County  near  Bartlett  Springs  has  been  used  to 
recarbonate  water  (Averill,  1947,  p.  19).  A  seep  has  been 
reported  in  a  ravine  north  of  Santa  Cruz  near  the  San 
Andreas  fault  zone  (Hubbard,  1943a,  p.  36). 

Production  of  Carbon  Dioxide.  The  basic  processes 
involved  in  the  commercial  production  of  liquid  or  solid 
carbon  dioxide  consist  of  passing  the  gas  through  ab- 
sorption systems  to  concentrate  the  gas,  purification 
systems  to  remove  odors  and  minor  impurities,  and  com- 
pression and  refrigeration  systems  to  liquefy  the  gas. 

Low  grade  gases  (10  to  40  percent  carbon  dioxide)  are 
removed  from  flue  gases  or  natural  oil  field  gases  and 
are  concentrated  to  over  99  percent  by  absorption  sys- 
tems. Aqueous  solutions  of  sodium  or  potassium  car- 
bonate, monoethanolamine,  or  triethanolamine  are  used 
as  absorbents  from  which  the  concentrated  gas  is  recov- 
ered by  heating. 

Purification  systems  contain  activated  carbon,  lime- 
stone, or  silica  gel  to  remove  impurities  such  as  sulfur 
dioxide  and  dust.  Odors  are  eliminated  by  oxidizing  the 
organic  impurities  in  a  potassium  bichromate  (or  pota-s- 
sium  permanganate)  solution.  Entrained  water  is  re- 
moved by  adsorption  on  silica  or  alumina  gel,  by  refrig- 
eration, and  by  sulfuric  acid  or  calcium  chloride  dryers. 

After  concentration  and  purification  the  gas  is  com- 
pressed in  two  stages  (400  to  500  lbs.  per  square  inch) 
or  three  stages  (900  to  1000  lbs.  per  sciuare  inch)  and 
liquefied  in  condensing  chambers  that  are  ordinarily 
cooled  by  an  ammonia  system  of  refrigeration.  The 
liquid  carbon  dioxide  is  removed  from  the  condensing 
chambers  and  is  stored  or  is  piped  to  a  "snow"  cham- 
ber to  be  transformed  into  solid  carbon  dioxide  (dry 
ice).  The  snow  chamber  is  a  cube-shaped  hydra xilic  press 
with  the  upper  and  lower  sides  formed  by  rams  attached 
to  hydraulic  cylinders.  The  liquid  is  released  through  a 
nozzle  in  the  wall  of  the  chamber  under  reduced  pressure, 
which  causes  the  liquid  to  change  to  snow.  After  suffi- 
cient snow  accumulates  the  hydraulic  rams  compress  the 
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Table  5.     Principal  uses  of  carion  dioxide.* 


Solid 

Transported  in  paper  bags. 

Evaporation  loss  slight  on  large  slupments 
and  quick  turnover. 

Refrigeration:  Used  in  the  transport  and  storage  of  ice  cream,  meat,  fish,  fruit,  and  vegetables. 

Heat  and  cold  treatment:  Used  in  shrink  fitting  of  machine  parts  and  hardening  steel  alloys. 

Laboratory:  Used  in  hydration  of  biological  serums,  freezing  micro-sections. 

Chemical:  Used  as  cheap  non-corrosive  acid  anhydrite  that  can  be  shipped  without  special  containers  and  safely 
handled. 

m 

Liquid 

Transported  in  heavy  steel  cylinders  or  bulk 
refrigerated  tank  cars.  Small  storage  loss 
permits  holding  longer  time. 

Refrigeration:  Used  in  compression  refrigeration  systems  which  are  dependable  in  not  endangering  lives  in  oaifl 
of  leakage.                                                                                                                                                                                "*•! 

Blasting:  Used  as  explosive  in  coal  mines.  Expands  more  slowly  and  breaks  coal  cleaner  than  powder  explosives.  " 

Power:  Used  as  bottled  power  for  same  purposes  as  compressed  air  is  used.                                                                ■* 

Gas 

I 

Not    economically    transported    in    small 
quantities.  Shipped  as  solid  or  liquid  and 
converted  to  gas  for  use. 

Carbonation:  Used  to  manufacture  carbonated  water,  soda  pep,  and  other  sparkUng  beverages. 
Preservation:  Prevents  spoilage  of  certain  canned  goods  because  of  oxidation,  i.e.  cocoa,  coffee,  powder  milk, 
shredded  cocoanut;  and  conserves  fruitjn,  vegetables,  meat  and  flowers. 

Fire  extinguisher:  Used  in  extinguishing  fires  by  lowering  temperature  and  smothering  the  flame.  Oxygen  is 
reduced  from  21  percent  to  15  percent. 

Chemical:  Used  in  the  manufacture  of  carbonates,  urea,  salycylic  acid. 

Power:  Used  as  a  source  of  power  to  project  liquid  spray  into  trees— will  stimulate  respiration  of  insects,  making 
poisonous  sprays  more  effective. 

•  After  Kuiik  and  Williams,  1942,  pp.  15-16,  and  Quinn  and  Jones,  1936,  p.  231. 

snow  into  a  solid  block  of  dry  ice  which  is  sawed, 
wrapped  and  shipped. 

Figure  1  is  a  flow  sheet  of  a  typical  process  used  to 
recover  carbon  dioxide  from  the  flue  gases  produced  by 
burning  coke  and  is  applicable  to  other  raw  materials 
(fuel  oil,  natural  gas,  limestone)  that  yield  a  gas  of  low 
purity  (10  to  40  percent  carbon  dioxide)  (Faith,  Keyes, 
and  Clark  1950,  p.  183). 

The  carbon  dioxide  gas  obtained  as  a  by-product  from 
alcohol  fermentation  is  so  pure  (99.5  to  99.8  percent) 
that  the  absorption  portion  of  the  previous  process  is 
not  required.  Figure  2  is  the  flow  sheet  of  a  typical 
process  used  to  purify  and  liquefy  carbon  dioxide  from 
alcohol  fermentation  (Faith,  Keyes,  and  Clark,  1950, 
p.  186). 

The  treatment  of  the  high  carbon  dioxide  content  gas 
from  natural  wells  or  the  by-product  gas  from  ammonia 


Ficii  lii;  l>.  KijiiiiiiiHiir  for  the  manufacture  of  dry  ice,  Caldri 
Ice  Corp.,  Hopland.  The  hydraulic  press  is  in  the  left  center.  In 
right  forejinnind  d^'y  ice  is  Ijcing  cut  on  hand  saw. 


Figure  7.     Wrapping  dry  ice  at  Caldri  Ice  Corp.  for  shipment. 
Two  thicknesses  of  paper  wrapping  are  used. 

plants  ordinarily  consists  of  oxidizing  and  drying  the^ 
gas  before  compression.  Figure  3  is  the  flow  sheet  of- 
the  operation  of  the  Caldri  Ice  Corporation  at  Hopland ; 
a  plant  that  draws  its  gas  direetlj-  from  natural  wells 
(Hubbard,  1943b,  p.  304). 

Uses.     Ninety  percent  of  the  total  production  of  car- 
bon dioxide  is  used  in  the  ice  cream  and  soft  drink  indus- 
tries. The  ice  cream  industry  uses  solid  carbon  dioxlide 
(dry  ice)    as  a  storage  and  transportation  refrigerant 
because  dry  ice  has  the  advantage  over  water  ice  in- 
many  respects,  especially  freedom  from  drip,  extremelj 
low  temperature,  and  absence  of  residue.  One  pound  o|^' 
dry  ice  will  substitute  for  15  to  20  lbs.  of  water  ice.  For? 
example,  a  railway  refrigerating  car  going  from  coast 
to  coast  is  filled  with  8,000  to  11,000  lbs.  of  water  ice 
and  must  have  some  of  it  replaced  at  least  twice.  One 
charging  of  3,000  lbs.  of  dry  ice  is  sufficient  for  6  to  15 
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Tahle 

f).     Production  of  natural  carbon  dioxide  gas 
in  California.* 

Year 

Thousands 

of 
cubic  feet 

Value 

Year 

Thousands 

of 
cubic  feet 

Value 

>t4                    

80 

800 

81 

0 

15,440 

89,777 

131,189 

97,660 

138,862 

193.143 

227.424 

$4,072 

12.000 

1,300 

0 

1,822 

64,787 

13,799 

23,877 

258,563 

310.000 

248.126 

1944-1945 

I946„ 

1947 

1948 

1949 

1950 

429.382 
161.929 
196.808 
168.813 
165.089 
168.999 
196.171 
227.667 
214.663 
102.132 

$524,280 

310,938 

.!I6 -- 

,;)7                  

':i.3-193S 

1951 

'40 

1952 

141 -    --- 

1953 

1954 

142             - 

■  43 - 

From  Annual  summary  of  operations — Cal.  oil  fields,  1948-1954:  California  Div.  Oil  and 
r.as,  vol.  40,  no.  2,  and  Averlll,  King,  Symons,  H.,  and  Daris,  1948,  California 
mlni-ral  production  for  1946:  California  Div.  Mines  Bull.  139,  p,  64. 

lays  and  requires  only  a  fraction  of  the  room  used  by 
,ater  me  (Shreve,  1950,  p.  111). 

The  bottling  industry  uses  carbon  dioxide  gas  to  car- 
Diiate  beverages.  When  the  gas  is  dissolved  in  water, 
he  solution  contains  a  compound  resulting  from  the 
Miiibining  of  the  gas  with  the  water  and  the  ions  pro- 
iced  by  the  compound.  The  result  is  a  sparkling  liquid 
which  is  added  syrup  and  flavoring  to  produce  a 
"ittled  beverage  sold  to  the  public  as  "pop." 

Other  important  uses  of  carbon  dioxide  are  based  on 
1)  the  property  of  the  gas  to  reduce  the  percent  of 
ixygen  in  the  air,  as  in  food  preservation  and  fire  ex- 
inguishing;  (2)  the  power  supplied  by  compression  of 
he  liquid,  as  in  insect  sprays  and  blasting  devices;  and 
■I)  the  refrigerating  properties  of  the  liquid  and  solid 
n  the  storage  and  transportation  of  food,  and  heat  and 
•old  treatment  of  metals. 

Markets  and  Prices.     Approximately  75  percent  of 

he  total  carbon  dioxide  shipped  in  the  nation  is  in  the 
iolid  form  as  dry  ice.  In  California,  the  proportion  of 
iolid  to  liquid  shipped  is  approaching  equality  because 

)f  the  increase  in  the  industrial  applications  of  bulk 
jiiquid  carbon  dioxide.  Liquid  carbon  dioxide   (in  cylin- 

Icrs)  has  sold  for  the  same  price,  $0.06  per  pound,  from 
I!t29  to  1956.  Solid  carbon  dioxide  sells  for  $0,035  to 
■^0.04  per  pound,  a  slight  rise  over  the  constant  price  of 
•<().03  per  pound  from  1935  to  1949. 
Carbon  dioxide  plants  are  ordinaril.y  located  close  to 

(■liters  of  consumption  to  avoid  transportation  problems. 
However,  bulk  liquid  refrigerated  tank  cars  are  eeo- 
iiomieally  shipped  up  to  400  miles;  and  solid  carbon 
'lioxide  up  to  200  miles.  Liquid  in  cylinders  is  sold 
only  in  local  distribution  areas  because  of  the  freight 
'xpense  involved  in  returning  empty  cylinders. 

Trend  of  the  Industry.  Increased  industrial  applica- 
tion of  new  uses,  as  well  as  the  normal  demand  for  car- 
Itou  dioxide,  points  toward  continuing  high  levels  of 
production.  The  trend  is  toward  larger  and  more  cen- 
trally located  plants  representing  capital  investments  of 
hundreds  of  thousands  of  dollars.  A  large  capacity  hy- 
ilraulic  press,  which  before  World  War  II  cost  $22,000, 
iKiw  is  worth  up  to  $70,000.  In  19^9  a  small  plant  (6 
tons  a  day)  cost  from  $12,000  to  $90,000.  The  newest 
manufacturing  plants   producing-  carbon   dioxide   from 
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FiGUEE  8.     Index  map  showing  location  of  natural 
carbon  dioxide  fields  in  California. 

the  by-product  of  ammonia  plants  have  capacities  rated 
at  100  tons  a  day,  while  the  average  capacity  of  a  flue 
recovery  plant  is  50  tons  a  day.  This  problem  of  heavy 
capitalization  is  one  of  the  problems  contingent  to  ex- 
ploiting a  natural  source  of  carbon  dioxide.  Another 
factor  of  importance  is  the  threat  of  competition  from 
as  yet  undeveloped  artificial  sources  such  as  the  flue 
gases  from  cement  plants,  flue  gases  from  steam  plants, 
and  the  waste  gases  from  oil  refineries  (estimated  at 
10,000  tons  of  carbon  dioxide  a  day  in  California).  Com- 
petition is  keen  and  although  costs  have  risen  the  price 
of  the  gas  has  remained  constant. 

The  natural  gas  may  have  impurities  such  as  the 
lighter  gases  that  are  difficult  if  not  uneconomical  to 
remove.  Natural  occurrences  in  areas  of  active  faulting 
have  an  additional  problem  in  possible  earth  movements 
that  can  reduce  the  activity  or  cut  off  the  flow  of  gas 
from  wells.  For  example,  the  Niland  field  at  one  time 
lost  6  to  8  wells  with  sheared  casings  after  a  mild  earth- 
quake. 
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Vlv.viU:  U.  Aiiloniatic  gas  traj)  which  was  used  in  the  now  defuucl  cailjuii  didxidc  Held  at  Xilaiid,  Inipci-ial  County.  The  carliou  dioxide 
gas  and  water  entered  the  trap  through  a  flexible  hose.  The  gas  was  lil)erated  and  the  water  accumulated  in  the  trap  chamber  until  its 
weight  exceeded  that  of  the  counterbalance,  causing  the  chamber  to  move  downward  and  open  a  valve  permitting  a  portion  of  the  water 
to  be  expelled  through  an  orifice  in  the  bottom  of  the  trap.  When  a  sufficient  weight  of  water  had  been  expelled,  the  counterbalance  raised 
the  chamber,  which  closed  the  valve  and  completed  the  cycle.  Photo  hy  Charles  W.  Chesterman. 


CEMENT 

By  Oliver  E.  Bowen,  Jr. 

Production  of  portland  cement  has  become  one  of  the  clinker  readily  combines  with  water  to  form  new,  stable 

state's  foremost  mineral  industries.  The  value  of  cement  crystals.  Concrete  is  simply  a  mass  of  rock  particles  of 

produced  in  California  in  1955  reached  $103,793,702  and  various  sizes  bound  together  by  cri.sscrossed,  interlocking, 

now  is  second  only  to  the  value  of  California  petroleum  hydrous  crystals  that  form  as  the  cement  sets, 

products.   The  cement  plants  are  grouped  around  the  Although  some  of  the  reactions  that  take  place  during 

two  principal  marketing  areas — Los  Angeles  and   San  the  burning  operation,  and  also  during  the  hydration 

Francisco — and  lie  within  a  radius  of  125  miles  of  one  of  portland  cement,  are  imperfectly  known,  it  is  gen- 

(ir  the  other  of  these  centers.  Most  of  the -mineral  ma-  erally  believed  that  the  chief  binding  compounds  are: 

1 1' rial  consumed  by  these  plants  is  obtained  close  to  them,  tricalcium     silicate     (3CaO-Si02),     dicalcium     silicate 

;md  all  but  an  insignificant  proportion  of  raw  materials  (2CaO-Si02),  tricalcium  aluminate  (SCaO-AUOs)  and 

consumed  are  obtained  from  sources  in  California.  The  tetracalcium  aluminoferrite  (4CaO- A^O.^-FeoO.-s).  Each 

supply  of  California  raw  materials  suitable  for  portland  of  these  has  a  distinctive  behavior  or  set  of  eharacter- 

rcment  is  nearly  inexhaustible,  but  some  deposits  are  less  istics  during  hydration  or  setting.   By  controlling  the 

conveniently  situated  than  those  now  being  exploited.  raw  material  mix  and  the  time  and  temperature  of 

The  Nature  of  Portland  Cement.     Portland  cement  is  calcination  and  clinkering,  various  combinations  of  these 

the  chief  binding  agent  used  in  modern  concrete  and  is  compounds  can  be  obtained  in  the  clinker  and  several 

also  an  important  constituent  of  mortars  and  plasters  types  of  cement  can  be  produced.  Each  type  is  designed 

used  by  the  construction  industry.  Its  most  useful  char-  for  a  specific  use. 

acferistic  is  the  ability  to  set  into  a  stable  binder  in  the  The    American    Society    for    Testing    Materials    has, 

presence  of  water.  Portland  cement  is  manufactured  by  since  1940,  recognized  five  types  of  portland  cement  hav- 

alciiiing  and  heating  to  incipient  fusion,  under  care-  ing   the   following   general   uses    (see   A.    S.    T.   M.    C. 

fully  controlled  conditions,  suitable  mixtures  of  finely  150-53)  : 

liround  raw  materials  that  include  as  essential  ingredi-  Type    I — for    general    use    in    concrete    construction 

cuts    calcium    carbonate    (CaCOa),    silica    (Si02),    and  where  special  properties  specified  for  types  II-V  are  not 

alumina   (ALO^).  Iron  oxide  is  also  an  important  con-  required. 

stituent    in    several   types   of   cement,   particularly   the  Type    II — for   use   in    general    concrete    construction 
-ulfate-resistant    types.    With    the    exception    of    white  where  moderate  sulfate  action  is  anticipated  or  where 
cement,  in  which  the  iron  content  is  kept  well  under  one  moderate  heat  of  hydration  is  desired, 
percent,  portland  cements  generally  contain  some  iron  Type   III — for  use  where  high   early-strength  is  re- 
oxide  (FeoOa).  Blended  portland  cement  mixtures  ready  quired. 

lo  be  fed  into  the  kilns  generally  lie  within  the  following  Type  IV — for  use  where  low  heat  of  hydration  is  re- 
chemical  limits  (dry  basis).  quired. 

Lime  (CaO)  42-44%  Type    V — for    use   where    high    sulfate    resistance    is 

Silioa    (SiO.)       18-15%  required. 

Alumina    (AI2O3)    4-  6%  '                       ,,        i                 ^   •                 •    .         c  m           t                 i. 

Iron  oxide  (FeiO^) 2-  :?%  White  portland  cement  is  a  variety  ot  lype  i  cement 

Carlion  dioxide  (CO2) :«-.'?5%  jn  which  iron  is  kept  at  a  minimum — preferably  less 

Uemaiiider ^__   _^        lesstlian    1-  3%  ^j^^j^  q  5  percent  as  ferric  oxide.  White  cement  of  pres- 

[iiHUides    nuiRnesia     1  JIkO),    and    al-  ^                 n      .                        ■        c            n  n'-  2.      n  r:                   ^  c        ■ 

l<alies  such  as  potash  (K.O)  and  soda  Put  manufacturers  vanes  from  0.2o  to  0.5  percent  ferric 
(Xa,.0)].  oxide  in  the  finished  product.  In  addition  to  the  limita- 
The  degree  of  variance  within  these  ranges  depends  tion  on  iron,  manganese  and  titanium  may  not  be  present 
upon  the  type  of  cement  being  produced  and  the  avail-  ^  ^^'hite  cement  in  greater  than  trace  amounts  as  man- 
able  raw  materials  ganese  tends  to  color  cement  green  and  titanium  colors 
During  the  burning  operation  the  pulverized  raw  ma-  it  yellow.                             .                                             •     •     , 
icrials  are  converted  into  cinderv  particles  called  clinker,  Dicalcium  and  tricalcium  silicates  are  the  principal 
composed  of  new,   anhydrous,  lime-bearing  compounds  components  m  portland  cedent  and  form  70-80  percent 
with  loss  of  a  large  volume  of  carbon  dioxide-about  35  of  the  finished  product   They  are  the   chief  .strength- 
percent  of  the  raw  mix   (dry  basis).  A  typical  Type  I  producing  compounds   Tricalcium  silicate  hydrates  rap- 
clinker  has  the  following  analysis:  'dly  and  yields  high  strength  in  concrete  in  early  stages 

Silica  (SiOs)        -    .- 21.3%,  of  setting.  Dicalcium  silicate  hydrates  more  slowly  and 

Alumina    (AUO^)  "III-I 6.0%  contributes  strength  to  concrete  later  in  the  hardening 

Iron  oxide  (Fe-iOa) 2.7%  proccss.  Type  III  or  high-early-strength  cement,  there- 
Lime   (CaO)       ^o'ft^"  fore,  contains  a  higher  percentage  of  tricalcium  silicate 

Sr'trioxMe(s5;) ::::::::::::::::::::::::  S  than  other  types,  in  addition  it  is  ground  finer,  as  fine- 

Ignition  loss  1-3%  grinding  accelerates  the  hydration  and  consequently  the 

Insolubles  <^-2%  strength  in  early  stages  of  setting. 

I                Total  08.5%  Both  tricalcium  silicate  and  tricalcium  aluminate  lib- 

!       Portland  cement  is  made  by  grinding  the  clinker  to  erate  a  considerable  amount  of  heat  during  hydration, 

a  very  fine  powder.  A  small  amount  of  gypsum,  about  11  In  massive  concrete  structures  such  as  dams  the  heat 

pounds  per  barrel,  is  interground  with  the  clinker  to  liberated  during  hydration  cannot  readily  escape  from 

control  the  setting  time.   The  ground  portland  cement  the  interior  and  hence  raises  the  temperature  of  the  coii- 

f  113  ) 
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Fioi'HE  1.  Aerial  oblique  view  of  the  Permanente  Cement  Company  plant  near  Los  Altos,  S'anta  Clara  County.  Observer  facing  north- 
west. Built  in  1942  and  enlarged  on  several  occasions,  this  plant  now  has  an  annual  capacity  of  8,400,000  barrels  or  33,600,000  sacks  of 
cement,  making  it  the  largest  plant  in  the  western  United  States.  Photo  courtesy  Kaiser  Services,  Graphic  Arts  Department. 


Crete.  Marked  temperature  differences  between  the 
interior  and  exterior  of  such  structures  can  cause  failure 
by  cracking.  Consequently,  the  Type  IV  portland  ce- 
ments which  are  used  for  such  structures  are  designed 
to  liberate  as  little  heat  as  possible.  In  these  cements  the 
tricalcium  silicate  is  limited  and  the  dicalcium  silicate 
increased  proportionately.  Tricalcium  aluminate  is 
strictly  limited  and  the  tetracalcium  aluminoferrite  con- 
tent, which  liberates  much  less  heat  during  hydration 
than  the  other  cementitious  compounds,  is  somewhat 
increased. 

Concrete  made  from  ordinary  or  Type  I  portland  ce- 
ment usually  expands  and  cracks  when  in  contact  with 
strong  sulfate-bearing  water.  Such  deterioration  is 
largely  an  effect  of  the  reaction  between  tricalcium  alu- 
minate and  the  sulfate  water.  This  reaction  yields 
calcium-sulfo-aluminates    which    have    greater    volume 


than  the  original  tricalcium  aluminate.  Type  V  cement, 
which  is  low  in  tricalcium  aluminate,  is  used  in  con.strue- 
tion  where  strong  sulfate  reactivity  is  probable  and 
Type  II  cement  is  used  where  moderate  sulfate  reac- 
tivity is  probable. 

In  recent  years  much  attention  has  been  paid  to  harm- 
ful reactions  between  unsuitable  aggregate  materials  and 
Portland  cement  in  concrete.  These  reactions  are  not  the 
result  of  any  fundamental  weakness  in  the  quality  of 
portland  cement,  which  is  made  under  very  rigid  speci- 
fications and  carefully  controlled  conditions,  but  rather 
are  caused  by  the  poor  quality  aggregate  which  must  be 
utilized  in  some  areas.  The  reactions,  which  may  take 
place  years  after  the  concrete  has  set  and  hardened, 
result  in  formation  of  new  chemical  compounds  which 
require  greater  space  than  that  present  in  voids  between 
the  aggregate  particles.  Cracks,  popouts  (spalling)  and 
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CALIFORNIA 
PORTLAND    CEMENT    PRODUCTION 

AMOUNT     AND     VALUE 


Figure  2.     Chart  showing  the  amount  and  value  of  Portland 
cement  produced  in  California  from  1894  to  1955. 

ither  damage  to  the  concrete  result.  To  combat  such 
failures  cement  companies  have  developed  special 
.  (Clients  for  use  with  poor  quality  aggregate.  Extensive 
icsearch  has  revealed  that  numerous  failures  have  been 
•aused  by  reactions  between  small  amounts  of  contami- 
nating alkalies,  chiefly  potash  (K2O)  and  soda  (Na20) 
and  minerals  present  in  the  aggregate  (such  as  opal, 
iiontronite  and  zeolites).  These  alkali  contaminants, 
which  are  not  essential  to  any  of  the  desirable  reactions 
taking  place  during  setting  of  concrete,  commonly  are 
present  in  small  amounts  in  cement  raw  materials.  Con- 
-■(Hiuently,  the  alkali  content  of  both  cement  and  the  raw 
materials  from  M'hich  it  is  made  is  very  carefully  con- 
ii-olled,  and  low-alkali  cements  are  specified  for  use  on 
projects  where  alkali-aggregate  reactivity  may  be  a 
factor.  Low-alkali  cements  are  designated  as  those  having 
less  than  0.60  percent  of  total  alkalies  expressed  as 
NaoO  in  the  finished  product.  Crystalline  magnesia,  or 
periclase,  sometimes  causes  a  delayed  abnormal  expan- 
sion and  cracking  in  concrete.  The  magnesium  oxide  con- 
tent of  the  finished  cement  must  be  held  to  not  more  than 
.')  percent  in  Types  I  to  IV  and  not  more  than  4  percent 
in  Type  V.  Most  cement  chemists  keep  their  cement  well 
below  the  5  percent  limit. 

Pozzolanic  additives  for  use  with  portland  cement  in 
concrete  have  been  developed  partly  to  avoid  the  harmful 
effects  of  alkali-aggregates  reaction  and  to  improve  the 
strength  and  general  appearance  of  concrete.  Pozzolans 
are  satisfactory  low-cost  partial  substitutes  for  portland 
cement  if  high  early  strength  is  not  required  in  the  con- 
crete; they  latently  increase  the  strength  and  textural 
(|uality  of  concrete  over  a  period  of  time  as  long  as  two 
or  three  years ;  and,  most  significantly,  they  are  effective 
in  combining  with  alkalies  to  form  compounds  that  are 
not  injurious  to  concrete.  Although  the  reactions  taking 
place  during  setting  of  a  pozzolanic  portland  cement  are 
not  fully  known,  it  is  believed  that  opaline  silica  is  the 
chief  active  ingredient.  Pulverized  pozzolanic  additives 
are  introduced  into  the  concrete  mix ;  they  commonly  are 
not  mixed  with  cement  before  it  is  marketed.  Opaline 
chert  and  shale,  acid  volcanic  tuffs,  burned  diatomaceous 
shale  and  even  residual  tufa  have  been  utilized  success- 


fully for  pozzolans  in  California.  Pozzolans  usually  are 
tested  in  concrete  before  being  used  on  large  projects. 

Air  entrainment  is  another  relatively  new  develop- 
ment in  Portland  cement  technology.  Although  consid- 
erable air  is  normally  trapped  in  concrete  during  the 
mixing  process,  more  can  be  introduced  and  uniformly 
distributed  by  use  of  synthetic  additives  such  as  certain 
resins  and  hydrous  silicates  of  calcium.  Air-entrained 
concrete  has  superior  frost  and  weathering  resistance, 
increased  workability  and  cohesiveness,  reduced  tend- 
encies toward  segregation  and  bleeding  (separation  of 
water  and  cementitious  particles),  reduced  weight  and 
permeability,  and  increased  resistance  to  deterioration 
by  sulfate  water.  The  increased  poro.sity  and  decreased 
permeability  are  caused  by  the  large  number  of  uncon- 
nected, nearly  spherical  voids  induced  by  the  air  entrain- 
ment additives.  Increased  resistance  to  frost  action,  de- 
creased weight  and  decreased  thermal  conductivity  are 
the  chief  advantages  of  air-entrained  concrete  over 
common  concrete.  These  advantages  are  sometimes 
achieved  at  only  a  slight  loss  in  strength  of  the  concrete. 

Several  kinds  of  cement  are  designed  to  have  special 
characteristics,  such  as  waterproof,  plastic  and  numerous 
oil  well  varieties.  Waterproof  and  plastic  cements  are 
Portland  cement  mixed  with  various  preparations  which 
produce  or  enhance  the  desired  special  characteristics. 
Oil  well  cements,  which  must  set  under  a  variety  of  con- 
ditions of  temperature,  pressure,  and  water  quality,  com- 
monly are  manufactured  under  more  rigid  specifications. 

The  content  of  cementitious  compounds  is  closely  con- 
trolled and  many  oil  well  cements  contain  special  addi- 
tives that  control  such  factors  as  the  speed  of  set  and 
permeability  of  the  set  cement.  Special  mixing  proce- 
dures have  also  been  devised  for  oil  well  cements.  A  de- 
tailed discussion  of  oil  well  cements  may  be  found  on 
pages  488-505  of  Petroleum  Production  Engineering  by 
L.  C.  Uren  (McGraw-Hill  Book  Co.,  1946). 

Nature  and  Geologic  Occurrence  of  California  Baw 
Materials  Used  in  Cement.  High-calcium  limestone  is 
the  most  common  source  of  calcium  carbonate  used  in 
cement,  and  some  form  of  clay  is  the  commonest  source 
of  ahimina  and  silica.  However,  a  wide  variety  of  satis- 
factory substitute  materials  is  utilized  because  such  ma- 
terial can  be  more  easily  obtained  at  low  cost  than  more 
ideal  ingredients.  In  some  parts  of  the  United  States 
natural  rocks  occur  that  already  contain  the  essential 
components  for  making  portland  cement  in  approxi- 
mately the  desired  proportions.  Such  rocks,  known  as 
cement  rocks,  most  commonly  are  marine  argillaceous 
(clayey)  limestones.  To  date  no  large  cement-rock  de- 
posits have  been  discovered  in  California  that  are  near 
enough  to  marketing  centers  to  be  utilized.  Various  types 
of  limestone  and  sea  shells  supply  nearly  all  of  the  cal- 
cium carbonate  used  in  the  cement  manufactured  in 
California. 

With  one  exception,  the  limestones  quarried  in  Cali- 
fornia for  Portland  cement  are  coarsely  crystalline  meta- 
morphic  rocks  of  Paleozoic  or  Jurassic-Triassic  age.  The 
Permanente  cement  plant  in  Santa  Clara  County  utilizes 
a  dense,  fine-grained  limestone  of  late  Mesozoic  age. 
Limestones  suitable  for  cement  are  widely  distributed  in 
California  from  Siskiyou  and  Shasta  Counties  south 
through   the   Sierra   Nevada   into   southern    California. 
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PiGUKE  3.  Front  view,  obsorvor  facing;  west,  of  one  of  the  first 
cement  kilns  built  in  California.  The  structure  stands  on  the  Jamul 
(G.  R.  Dailey)  Ranch  near  Jamul.  San  Diego  County.  Completed 
in  1891,  it  is  believed  to  be  the  second  oldest  installation  in  Cali- 
fornia that  produced  cement  approaching;  the  characteristics  of 
Portland  cement.  The  oldest  kiln,  no  longer  in  a  good  state  of  pres- 
ervation, was  built  at  Santa  Cruz  in  1877.  A  natural  hydraulic 
cement  was  made  at  Benicia,  Solano  County,  as  early  as  18.59.  The 
building  is  roughly  36  feet  square  and  lii  feet  thick,  exclusive  of 
the  stack  and  uppermost  arches.  The  stack  extends  30  feet  above 
the  main  i)art  of  the  structure. 

They  are  broadly  distributed  throughout  the  Mojave 
Desert  and  Basin  Ranges  provinces  and  through  the 
northern  part  of  the  Transverse  and  eastern  part  of  the 
Peninsular  Ranges  of  southern  California.  Large  de- 
posits are  much  more  sparsely  distributed  in  the  Coast 
Ranges,  being  found  chiefly  in  Santa  Cruz  County.  Sea 
shells  and  bay  mud  are  the  sole  raw  materials  utilized 
by  one  plant  on  San  Francisco  Bay.  Similar  materials 
are  found  in  Newport  and  San  Diego  Bays  in  southern 
California. 

Many  California  limestones  contain  an  appreciable 
amount  of  magnesium,  which  is  the  only  serious  detri- 
mental ingredient  commonly  found  in  limestone  that  is 
used  for  cement.  As  the  magnesium  oxide  content  of 
Portland  cement  clinker  must  be  kept  below  5  percent, 
most  cement  plants  will  not  use  limestone  which,  in 
crude  form,  averages  more  than  3  percent  MgO.  As  the 
magnesium  content  may  vary  considerably  within  a 
given  deposit,  close  sampling  and  testing  are  necessary 
both  before  and  during  quarrying. 

Alluvial  and  residual  clays,  clay  shale  and  quartz- 
mica  schist  derived  from  clay  shale  are  the  commonest 
sources  of  alumina  and  silica  used  in  California.  Quartz- 
ite,  high  alumina  laterite,  quartz  diorite  and  partly  al- 
tered volcanic  rocks  are  used  at  some  plants  in  lieu  of 
more  suitable  material  because  they  are  readily  available 
or  supply  a  particular  need.  Alluvium   (e.g.  mixed  de- 


posits of  clay,  sand  and  gravel)  commonly  is  utilized. 
Magnesia  and  alkalies  (soda  and  potash)  are  the  critical 
impurities  that  must  be  kept  at  a  minimum  in  the  sili- 
ceous and  aluminous  fractions  used  in  cement.  Both 
magnesia  and  total  alkalies  are  generally  kept  below  1 
percent  in  the  siliceous  and  aluminous  raw  materials. 

Although  most  clays  and  clay  shales  contain  some 
iron,  iron  commonly  is  added  in  manufacture  of  some 
types  of  cement.  Pyrite  cinder,  the  black-to-red  residue 
resulting  from  manufacture  of  sulfuric  acid  from  pyrite, 
is  the  most  widely  used  source  of  iron  in  California 
cement  plants.  Southern  California  plants  use  a  consid- 
erable tonnage  of  hematite-magnetite  ores  from  San 
Bernardino  and  Riverside  Counties. 

Gypsum,  an  essential  additive  in  all  types  of  portland 
cement,  regulates  the  initial  setting  of  cement  in  con- 
crete. From  2  to  5  percent  of  gypsum  is  introduced  into 
the  finish-grinding  circuit  either  as  rock  gypsum,  in 
lump  form,  or  as  by-product  gypsum  in  semipulverized 
form.  The  by-product  gypsum,  which  comprises  a  rela- 
tively small  percentage  of  the  annual  consumption  of 
gypsum  by  California  cement  mills,  is  supplied  by  • 
chemical  plants.  A  substantial  proportion  of  gypsum  is 
supplied  by  deposits  in  Ventura,  Riverside  and  Imperial 
Counties,  but  considerable  gypsum  is  imported  from 
western  Nevada  and  from  San  Marcos  Island  in  the  Gulf 
of  California.  Deposits  in  California  could  supply  all 
of  the  requirements  of  the  cement  plants,  but  much  of 
their  production  is  diverted  to  other  uses. 

Fluorspar  (calcium  fluoride,  CaFo)  is  sometimes 
added  to  portland  cement  raw  mixes  in  proportions  up 
to  1  percent  to  facilitate  the  calcination  process  and 


Figure  4.  Side  view,  observer  facing  south,  of  the  same  struc- 
ture shown  in  figure  3.  The  hills  in  the  background  are  underlain 
by  massive  metavolcanic  rocks,  schistose  metasediments,  and  gra- 
nitic rocks.  Most  of  these  rock  types  may  be  found  making  up  the 
masonry  structure. 
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Figure  5.  A  olciscr  view  of  llii'  .Tamul  cement  kiln.  The  massive 
part  of  the  stnicture  consists  of  partially  shaped  blocks  of  field 
stone  laid  up  in  mortar.  The  stone  is  predominantly  a  hard,  dark- 
colored  metahasalt  not  easily  shaped  into  blocks.  Tlie  stack  and 
uppermost  arches  of  the  kiln  consist  of  common  red  brick  laid  up  in 
mortar  whereas  the  kiln  and  flue  linings  are  English  fire-brick.  The 
<iate  of  preservation  is  excellent. 

improve  certain  characteristics  of  the  cement.  Calcium 
fluoride  tends  to  reduce  the  uncombined  lime  (CaO)  in 
clinker  and  lowers  the  clinker ing  temperature  (in  some 
cases  as  much  as  200°  C).  There  is  no  current  produc- 
tion of  fluorite  in  California,  and  as  it  must  be  brought 
ill  at  considerable  expense  and  as  there  is  possible  risk 
of  air  pollution  from  its  tise,  consumption  of  fluorite  by 
I  lie  California  cement  industry  is  negligible. 

Calcium  chloride  is  another  chemical  which  may  be 
.ulded  to  Portland  cement  to  control  the  speed  of  hydra- 
lion  and  to  induce  high  early  strength  in  concrete.  It 
most  commonly  is  added  to  Type  I  cement.  Calcium 
chloride,  in  quantity,  is  produced  from  brine  by  several 
California  chemical  plants. 

During  1955,  California  cement  mills  consumed  12,- 
-:J6,471  short  tons  of  materials  according  to  the  follow- 
ing table: 

Northern  Southern 
California  California         State 
mills  mills               total 
Limestone,  ovster  shells,  ce- 
ment rocks 4,770,586  5,692,148     10,462,734 

Aluminous    and  *    siliceous 

rocks 590,669  819,930       1,410,599 

Iron  ore,  pyrite  cinder  and 

mill  scale 26,975  60,730            87,705 

Gypsum    122,933  151,648          274,581 

Miscellaneous*   760  92                 852 

*  Includes   alluvium,   clay,    clay   shale,    tufa,   mica  schist,    quartz,    sandstone,    diorite, 

quartzlte,  and  altered  volcanic  rocks. 
■'  Includes  fluorspar,  air-entraining  compounds,  calcium  chloride,  grinding  aids  and  tuff 

pozzolan. 

Mining  and  Manufacturing  Methods.  Most  of  the 
raw  materials  used  in  portland  cement  are  mined  by 


open-pit  methods,  but  two  California  operations  employ 
underground  mining.  Clays  and  clay  shales  commonly 
can  be  removed  without  blasting,  but  most  California 
limestones  must  be  broken  with  explosives.  Blast  holes 
now  are  drilled  principally  with  rotary  drills  instead  of 
the  percussion  type  drills  formerly  employed.  Materials 
are  transported  from  quarry  to  plant  by  trucks,  rail- 
roads, belt  convej'ors  or  by  various  combinations  of 
these.  Speciall}'  designed  rear-  and  side-dump  trucks, 
trailers  and  railroad  cars  are  constantly  being  clevised  to 
better  accomplish  particular  hauling  jobs  under  special 
conditions.  Primary  crusliing  is  sometimes  done  at  the 
quarry  and  sometimes  at  the  plant ;  secoiulary  crushing 
is  almost  always  done  at  the  plant.  Jaw,  gyratory  and 
cone  crushers  are  all  utilized  in  various  primary  crushing 
circuits ;  ball  mills,  tube  mills  or  rod  mills  generally  are 
utilized  for  grinding.  Sizes  to  which  raw  materials  are 
crushed  during  the  various  stages  of  crushing  and  grind- 
ing depend  to  a  considerable  extent  upon  the  types  of 
processing  equipment  employed.  Material  fed  to  tlie  kilns 
is  generally  controlled  to  around  90  percent  minus-200 
mesh. 

Two  general  processes  are  employed  in  California 
cement  plants — the  wet  process  and  the  dry.  In  the  wet 
process  the  ground  materials  are  made  into  a  water 
slurry  during  the  grinding  process  before  burning; 
whereas  in  the  drj^  process  materials  are  ground  dry 
and  no  water  is  added  during  tlie  manufacturing  proc- 
ess unless  nodulizing  is  employed.  Each  process  has  its 
own  advantages  and  disadvantages  depending  upon 
local  economic  conditions.  The  wet  process  has  advan- 


FiGT'RE  6.  Detail  of  the  archways  in  the  .Tamul  kilns.  The 
light-colored  fire-brick  Hue  lining  stands  out  from  the  darker- 
colored  common  brick.  Arches  are  partly  supported  b.v  cast  mortar 
or  concrete.  The  interior  of  the  kilns  and  the  inner  surface  of  the 
flues  is  lined  with  about  a  (juarter  of  an  inch  of  vitreous  matter 
formed  during  burning  of  the  cement.  Charcoal,  prepared  from  local 
vegetation,  was  used  for  fuel. 
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FiGi'RE  7.     Flow  sheet  of  a  typical  wet  process  Portland  cement  plant  showing  materials,  power,  water,  and  labor  consumed  per  ton  of 
cement  mauufactiired.   In  western  states,  oil  or  gas  is  used  for  fuel  instead  of  coal.  Diagram  courtesy  Chemistry  and  Metallurgy. 


tages  in  ease  of  mixing  and  transportation  of  slurry  and 
in  plant  cleanliness,  but  the  water  must  be  driven  off  at 
considerable  expense  during  calcining. 

In  both  processes  the  ground  raw  materials  are  stored 
for  blending  in  large  silos  prior  to  being  fired  to  clinker. 
The  chemical  composition  of  the  raw  mix  is  very  care- 
fully checked  at  this  stage.  Raw  materials  blended  from 
various  silos  to  close  tolerances  are  then  fed  into  large 
rotary  kilns  and  fired  at  temperatures  within  the  range 
of  2600°  P.  to  2900°  P.  Optimum  temperature  depends 
upon  the  type  of  cement  being  made.  In  some  dry-process 
plants  the  blended  raw  materials  are  nodulized  before 
entering  the  kiln  to  improve  uniformity  of  burning.  The 
clinker  is  then  cooled,  blended  with  gypsum,  ground 
and  stored  in  silos  for  bulk  or  sack  shipment.  At  present 
more  than  85  percent  of  the  cement  sold  is  delivered  in 
bulk. 

Centers  of  Production.  The  cement  production  and 
distribution  centers  in  California  are:  the  Colton-River- 
side  district,  Riverside  and  San  Bernardino  Counties; 
the  Victorville-Oro  Grande-Lucerne  Valley  district,  San 
Bernardino  County;  the  Monolith-Mojave-Willow 
Springs  district  of  Kern  County;  San  Andreas,  Cala- 
veras County;  San  Juan  Bautista,  San  Benito  County; 
Davenport-Santa  Cruz  district,  Santa  Cruz  County ;  Per- 
manente,  Santa  Clara  County,  and  Redwood  City,  San 
Mateo  County.  Most  raw  material  deposits  are  situated 
close  to  the  processing  plants.  Between  1940  and  1954 
the  increased  demand  for  cement  in  California  was  satis- 
fied by  enlarging  existing  plants  and  streamlining  exist- 
ing production  facilities.  All  of  the  operating  companies 
have  made  large  expenditures  in  new  kilns  and  support- 


ing equipment  and  in  prolonged  raw  material  explora- 
tion and  development  programs.  Between  1954  and  1956, 
however,  two  new  plants  were  constructed,  one  nesBT 
Mojave,  Kern  County,  and  one  near  Imcerne  Valley,  San 
Bernardino  County.  Several  companies  that  heretofore 
have  not  operated  in  California  have  been  looking  into 
possibilities  of  new  construction  in  California,  and  it  : 
believed  that  other  new  plants  will  ultimately  be  built. 

Localities  which  appear  most  favorable  for  future 
development  are  those  within  or  close  to  a  125-mile 
radius  of  Los  Angeles,  San  Prancisco  and  San  Diego. 
San  Diego  has  grown  so  in  recent  years  that  the  market- 
ing potential  is  rapidly  becoming  attractive  to  a  new 
cement  operator.  The  Dos  Cabezas  district  of  eastern 
San  Diego  County  and  the  Coyote  Mountains  of  western 
Imperial  County  appear  to  have  the  only  resources  of 
raw  matei'ials  sufficiently  large  to  support  a  cement  plant 
of  average  size  near  to  the  San  Diego  market  and  north 
of  the  Mexican  border. 

Among  the  larger  deposits  that  are  sufficiently  well 
situated  to  be  considered  as  potential  immediate  sources 
of  cement  raw  materials  for  the  Los  Angeles  market  are 
those  within  the  Beaumont-San  Jacinto-Palm  Springs 
triangle  of  the  San  Jacinto  Mountains.  Proposed  plants 
in  this  vicinity  have,  however,  met  with  formidable  oppo- 
sition from  other  interests  because  of  the  fear  of  dust, 
smog  and  noise.  Location  of  acceptable  sites  near  to  the 
marketing  centers  is  becoming  increasingly  difficult  as 
the  population  increases. 

A  series  of  small  deposits  in  the  Wrightwood-Lone 
Pine  Canyon  district  in  the  San  Gabriel  Mountains  near 
the  border  common  to  Los  Angeles  and  San  Bernardino 
Counties  may  contain  an  aggregate  tonnage  sufficiently 
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larp-e  to  support  a  cement  plant.  It  is  doubtful,  however, 
if  any  one  of  these  is  larce  enoiijrh.  The  district  has  not 
been  thoroufrhly  explored. 

An  deposits  in  the  Vietorville-Oro  Grande  district  are 
sxradually  depleted,  limestone  production  for  cement  will 
))robab]y  fan  out  into  adjacent  parts  of  the  Mojave 
Desert.  Reserves  in  this  district,  however,  run  into  many 
hundreds  of  millions  of  tons  so  that  further  moves  there 
are  unlikely  in  the  near  future.  The  same  situation  ex- 
ists in  the  adjacent  Lucerne  Valley-Cushenbury  Canyon 
district. 

In  northcn  California,  extensive  undeveloped  deposits 
of  raw  materials  are  found  in  the  Sierran  foothills, 
notably  in  the  Sonora-Columbia  area  of  northern  Tuol- 
umne County,  "Volcano,  Amador  County,  and  the  Three 
Rivers  District  of  Tulare  County. 

Probably  the  largest  readily  accessible,  uniform  lime- 
stone deposits  in  California  are  found  in  Shasta  County 
north  and  northeast  of  Reddinft.  Althoutrh  the  Shasta 
County  deposits  are  far  outside  the  San  Francisco  mar- 
kctimr  perimeter,  promulgation  of  several  large  public 
works  programs  that  have  been  proposed  for  this  area 
might  attract  the  cement  industry  farther  away  from 
present  marketing  centers. 

History  of  the  Cement  Industry  in  Calif orina.  Be- 
tween 1859  and  1891  there  was  a  small  intermittent  pro- 
duction of  natural  hydraulic  cement  in  California, 
fliiefly  from  the  Benicia  Cement  Company  at  Benieia,  now 
in  Solano  County.  In  1859  and  1860  this  company  was 
]>rodueing  50  to  100  barrels  per  day  at  a  mill  price  of 
.'f!4.00  per  barrel.  At  that  time  it  was  estimated  that  San 
Francisco  was  using  12,000  barrels  a  vear  (Mercantile 
Trust  Company  Review,  1925).  By  1865,  the  San  Fran- 
cisco rate  of  consumption  had  increased  to  100,000  bar- 
lels  annually  and  the  price  of  hydraulic  cement  had 
fallen  to  $2.50  per  barrel.  Most  of  the  cement  consumed 
in  California  prior  to  1877  was  imported  from  England. 

Because  of  the  incomplete  reporting  of  mineral  statis- 
'  ics  prior  to  1894,  there  has  been  some  confusion  as  to 
■A  here  the  first  portland-type  cement  was  produced  in 
California.  Some  recent  data  collected  by  R.  A.  Ivinzie, 
Jr.  of  Santa  Cruz  Portland  Cement  Company  shows  that 
a  corporation  known  as  California  Portland  Cement 
(^mpany  was  organized  January  13,  1877  at  Santa 
Cruz.  This  firm,  not  the  same  as  the  present-day  Cali- 
fornia Portland  Cement  Corporation,  apparently  re- 
mained in  business  only  a  short  time,  but  the  name 
was  retained  on  corporation  lists  as  late  as  the  mid- 
1920s.  Cement  was  manufactured  in  stationary  kilns 
constructed  of  brick.  Limestone  for  the  cement  came 
from  the  vicinity  of  present-day  Wagner  Park  and  clay 
was  taken  from  pits  at  the  head  of  Walnut  Avenue  in 
Santa  Cruz.  Prior  to  the  time  this  information  was  made 
known,  the  plant  erected  on  the  Jamul  Ranch,  San  Diego 
County  in  1891  was  credited  as  being  the  first  portland 
cement  plant  in  California  (Storms  1892). 

During  that  year  a  plant  with  a  daily  capacity  of  150 
barrels  was  put  into  operation  by  the  Jamiil  Portland 
(^ement  Works.  This  operation  lasted  less  than  a  year. 
P>ecause  of  competition  from  low-cost  cements  shipped 
by  water  from  England  and  other  European  countries, 
production  of  portland  cement  increased  very  slowly 
through  the  1890s.  An  increase  from  5,000  to  52,000  bar- 
rels per  year  was  recorded  duriiig  that  period.  Between 


1902  and  tlie  pre-World  War  I  slump  of  1912-16,  pro- 
duction increased  from  171.000  to  6,371,369  barrels.  A 
new  high  of  over  35,000,000  barrels  was  recorded  during 
1955.  Salient  events  in  the  California  cement  industry 
are  as  follows : 

1860 — First  California  production  of  natural  cement  at 
Benicia,  Solano  County.  Cement  was  produced 
intermittently  at  Benicia  until  1890. 

1877 — Erection  of  the  first  California  plant  for  produc- 
tion of  Portland  cement  at  Santa  Cruz,  Santa 
Cruz  County,  by  a  firm  known  as  California  Port- 
land Cement  Company  (not  the  same  as  the  firm 
currently  active  in  southern  California). 

1891 — Erection  of  a  cement  plant  at  Jamul  Ranch,  San 
Diego  County.  Production  there  ceased  in  1892 
owing  to  high  transportation  costs  and  competi- 
tion with  foreign  cement.  (The  Jamul  product 
was  classified  by  some  as  a  natural  cement.) 

1894 — Opening  of  the  first  cement  plant  in  California 
to  survive  up  to  the  present  day,  that  of  Cali- 
fornia Portland  Cement  Company  at  Colton,  San 
Bernardino  County. 

1902-3  Establishment  of  two  plants,  one  near  Xapa, 
Napa  County  by  Standard  Portland  Cement  Com- 
pany and  one  at  Cement,  near  Fairfield,  Solano 
County,  by  Pacific  Portland  Cement  Company. 
The  Napa  plant  closed  in  1919  and  the  Fairfield 
plant  in  1927,  both  because  raw  materials  were  ex- 
hausted. 

1906 — Opening  of  the  plant  at  Davenport,  Santa  Cruz 
County,  by  Standard  Portland  Cement  Company. 
This  plant  is  now  operated  by  Santa  Cruz  Port- 
land Cement  Company. 

1908 — First  shipments  of  cement  made  from  Henry 
Cowell  Lime  and  Cement  Company  at  Cowell, 
Contra  Costa  County.  Depletion  of  raw  material 
deposits  and  loss  of  rail  facilities  resulted  in 
closing  of  plant  in  1942. 

1909 — Plant  of  Riverside  Portland  Cement  Company 
erected  at  Crestmore,  Riverside  County;  also,  a 
plant  at  Monolith,  Kern  County,  was  built  by  the 
City  of  Los  Angeles.  This  plant,  built  to  supply 
cement  for  the  L.  A.  aqueduct,  is  now  operated  by 
Monolith  Portland  Cement  Co. 

1910— The  Golden  State  Portland  Cement  Company 
commenced  production  at  Oro  Grande,  San  Ber- 
nardino County.  Plant  was  later  taken  over  by 
Riverside  Cement  Company  and  recently  was  re- 
built. 

1914 — Erection  of  Old  Mission  Portland  Cement  Com- 
pany plant  at  San  Juan  Bautista,  San  Benito 
County.  Plant,  which  later  passed  into  hands  of 
Pacific  Portland  Cement  Company,  began  ship- 
ping cement  in  1918.  It  is  now  operated  by  Ideal 
Cement  Company. 

1916 — Establishment  of  plant  of  Southwestern  Portland 
Cement  Company  at  Victorville,  San  Bernardino 
County.  This  plant  recently  has  been  modernized 
and  enlarged. 

1924 — Opening  of  Pacific  Portland  Cement  Company 
plant  at  Redwood  City,  San  Mateo  County.  This 
plant  is  now  operated  by  Ideal  Cement  Company. 
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1925 — -Yosemite  Portland  Cement  Company  plant  built 
at  Merced,  Merced  County.  Plant  was  closed  down 
in  June  30,  1944  when  traffic  over  Yosemite  Val- 
ley Railroad  was  discontinued. 

1926 — Calaveras  Cement  Company  plant  opened  at  San 
Andreas,  Calaveras  County.  This  plant  has  been 
tripled  in  size  since  World  "War  II. 

1930 — Blue  Diamond  Corporation,  Ltd.  completed  a 
grinding  and  finishing  plant  at  Los  Angeles 
utilizing  cement  clinker  purchased  from  other 
companies.  The  plant  is  still  in  use. 

193,1 — National  Cement  Company  of  Dallas,  Texas,  built 
a  small  plant  (annual  capacity  5,320  bbls.)  for 
making  white  portland  cement  at  Chubbuck,  San 
Bernardino  County.  This  plant  never  operated  at 
full  capacity  and  was  shut  down  in  1932. 

1940 — Establishment  of  Permanente  Cement  Company 
plant  at  Permanente,  Santa  Clara  County,  cur- 
rently the  largest  cement  producer  in  California. 

1952 — Ideal  Cement  Company  acquired  the  holdings  of 
Pacific  Portland  Cement  Company. 

1954 — California  Portland  Cement  Company  began  con- 
struction of  a  new  cement  plant  at  Creal,  near 
Mojave,  Kern  County. 

1955 — Permanente  Cement  Company  began  construction 
of  a  second  plant  near  Lucerne  Valley,  San  Ber- 
nardino County. 

Utilization  and  Markets.  From  the  beginning  of  the 
Portland  cement  industry  in  California  all  but  a  small 
part  of  the  cement  produced  has  been  marketed  and 
used  in  this  state.  Less  than  15  percent,  and  in  some 
years  less  than  10  percent,  of  the  production  has  been 
shipped  out  of  the  state.  Most  of  this  has  been  consumed 
in  the  Pacific  islands  and  Latin  America.  High  trans- 
portation costs  prevent  California  from  competing  con- 
sistently with  plants  in  other  Pacific  Coast  states. 

As  Portland  cement  is  primarily  a  construction  ma- 
terial, increases  in  production  and  markets  have  been 
governed  largely  by  building  booms,  large  public  works 
projects,  and  wartime  expansion  of  industrial  and  mili- 
tary facilities.  The  unprecedented  postwar  house  con- 
.struction  boom  in  California,  the  expanded  road-building 
program  and  vastly  increased  oil  exploration  have  all 
contributed  to  the  demand  for  cement. 

As  it  is  a  relatively  low-cost  product  with  a  small 
margin  of  profit,  cement  must  be  produced  as  close  to 
centers  of  population  as  the  availability  of  raw  materials 
will  permit.  Five  cement  plants  are  located  within  a 
radius  of  125  miles  of  San  Francisco  and  seven  within  a 
similar  distance  of  Los  Angeles.  An  eighth  is  in  process 
of  construction  within  125  miles  of  Los  Angeles,  near 
liucerne  Valley,  San  Bernardino  County.  Although 
future  plants  may  be  built  outside  of  the  125-mile  zone 
of  the  two  larg«  marketing  areas,  the  utilization  of 
processes  designed  to  improve  the  grade  of  less  suitable 
raw  materials  situated  within  that  perimeter  may  pre- 
vent it.  A  possible  exception  would  be  development  of 
Shasta  County  deposits  for  cement  in  the  event  of  com- 
mencement of  several  large  public  works  projects  such  as 
the  proposed  Trinity  and  Feather  River  dams. 

The  average  mill  price  paid  for  portland  cement  pro- 
duced at  California  plants  during  1955  was  $2.96  per 
barrel  of  376  pounds.  This  is  10  cents  per  barrel  higher 


than  the  average  national  figure  of  $2.86,  as  might  be 
expected  in  an  area  of  peak  demand.  In  other  years, 
however,  the  cost  of  California  cement  has  been  ma- 
terially less  than  the  national  average. 

Typical  price  differentials  among  the  various  types  of 
Portland  cement  may  be  seen  in  the  following  table  of 
U.  S.  Bureau  of  Mines  figures  for  California  for  1955. 
Average  prices  obtained  for  cement  packaged  in 
94-pound  paper  bags  during  1955  were : 

Average  price 
T.vpe  of  cement  per  barrel 

I  and  II — General  use  and  moderate  heat $2.93  W 

III— High  earlv  strength 3.8.3  W 

IV— Low  heat 4.02  f 

V — Sulfate  resistant 3.47 

Oil  well   3.26 

White    8.14 

Portland — pozzolan     2.99 

Air-entrained 2.75 

Waterproofed    3.50  ''; 

Miscellaneous    3.42-  ~J 

Average    2.96 

Cement  sold  in  bags  generally  averages  40  cents  per 
barrel  higher  than  the  bulk  price.  More  than  85  percent 
of  the  cement  sold  in  California  is  marketed  in  bulk;  15 
percent  or  less  is  packaged.  Northern  California  mills 
charge  a  premium  of  20  cents  per  barrel  on  Type  II 
cement. 
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CHROMITE 

By  Salem  J.  Rice 


Chromite  is  the  only  ore  mineral  of  chromium,  an 
essential  ingredient  in  the  manufacture  of  a  great  variety 
of  steels.  In  addition,  it  is  the  basic  raw  material  in  the 
production  of  numerous  chemicals  and  in  the  manu- 
facture of  special  refractory  materials.  Thus  it  is  not  only 
a  strategic  mineral  essential  to  the  defense  program  of 
the  United  States,  but  it  is  also  a  raw  material  of  con- 
siderable importance  to  our  peacetime  industrial 
economy. 

The  chromite  produced  in  the  U.  S.  has  always  fallen 
far  short  of  supplying  domestic  requirements.  These 
have  been  met  by  imports,  principally  from  Turkey, 
Africa,  the  Philippines,  New  Caledonia,  and  Cuba. 
During  1955,  for  example,  1,583,983  short  tons  of 
chromite  was  consumed  in  the  U.  S.,  while  domestic 
production  was  only  153,225  short  tons.  All  of  the  latter 
went  to  the  national  stockpile  at  incentive  prices  con- 
siderably higher  than  those  of  the  open  market.  Al- 
though chromite  was  reported  produced  in  the  U.  S.  as 
early  as  1827,  the  entire  domestic  output  through  1955 
was  only  about  1,252,000  short  tons,  which  is  equivalent 
to  less  than  10  months'  supply  at  the  1955  rate  of  con- 
sumption. 

Chromite  production  was  first  recorded  in  California 
in  1869.  From  then  through  1955  an  estimated  534,000 
short  tons  valued  at  approximately  $20,800,000  had  been 
produced  in  the  state  (fig.  1 ) .  Almost  two-thirds  of  this 
output  was  mined  during  World  Wars  I  and  II,  when 
foreign  sources  of  supply  were  virtually  cut  off.  Much 
of  the  remainder  was  mined  during  the  period  1869-95, 


prior  to  the  development  of  many  of  the  foreign  deposits 
which  now  contribute  most  of  the  world  production. 

California  is  richly  endowed  with  serpentine  and 
peridotite,  the  host  rocks  of  chromite  deposits,  and  over 
1,200  known  deposits  are  widely  distributed  in  the 
Coast  Ranges,  Klamath  Mountains,  and  foothills  of  the 
Sierra  Nevada.  Although  California  chromite  miners 
have  not  been  able  to  compete  successfully  with  foreign 
sources  during  normal  times,  our  deposits  constitute  a 
valuable  reserve  that  can  be  mined  if  prices  permit. 

Mineralogy  and  Geologic  Occurrence.  Chromite,  a 
heavy  black  mineral  with  a  submetallic  luster,  is  a 
member  of  the  spinel  group  of  isometric  minerals.  Most 
of  the  physical  properties  of  chromite  vary  with  the 
composition  of  the  mineral.  It  has  a  specific  gravity  be- 
tween 4.5  and  4.8,  and  the  melting  point  ranges  from 
1545°  C  to  1730°  C.  As  its  hardness  is  about  5  (Mobs' 
scale)  it  is  scratched  readily  with  a  knife.  Chromite  is 
most  easily  distinguished  from  other  similar-appearing 
minerals  by  its  brown  streak,  or  powder,  and  by  its  mode 
of  occurrence.  The  streak  and  a  much  smaller  magnetic 
susceptibility  distinguish  it  from  magnetite,  a  mineral  of 
similar  color,  luster,  and  specific  gravity,  which  com- 
monly is  associated  with  chromite.  Chromite  has  a 
theoretical  formula  of  FeCr204.  However,  it  ordinarily 
consists  of  various  proportions  of  an  isomorphous  series 
of  oxides  of  chromium,  magnesium,  iron,  and  aluminum, 
as  shown  by  the  representative  analyses  in  table  1. 
Thus  the  chemical  formula  is  more  accurately  written 
(Fe,Mg)0-(Cr,Al,Fe)203  (Stephens,  1944). 
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Table  1.     Analyses  of  chromite  indicating  range  in  composition. 


(1) 

(2) 

(3) 

(4) 

(5) 

Cr203 

58.45 
9.36 
4.47 

14.15 

12.71 
0.12 

none 
0.33 
0.22 
0.08 

52.77 

10.31 

9.99 

12.40 

12.10 

0.32 

0.16 

0.17 

0.92 

0.76 

47.57 

18.61 

4.80 

13.06 

13.91 

0.14 

0.24 

0.13 

0.86 

0.54 

41.78 

26.70 

3.16 

11.33 

16.15 

O.ll 

0.14 

0.31 

0.68 

trace 

35.4 

AI2O3     

28.3 

FesOs 

5.5 

FeO 

13.6 

MgO   - 

15.3 

MnO 

0.1 

CaO-- 

0.1 

TiOi 

0.3 

SiOi 

0.3 

H20+ 

0.4 

99.89 

99.90 

99.86 

100.36 

99.3 

(1)  Veta  Chlca  deposit,  Siskiyou  County,  California  (Stevens,  1944.  sample  no.  15). 

(2)  PlUiken  mine.  El  Dorado  County,  California  (Stevens,  1944,  sample  no.  6). 

(3)  Castro  mine,  San  Luis  Obispo  County,  California  (Stevens,  1944,  sample  no.  12). 

(4)  Clemencia  mine,  Holguin  district.  Cuba  (Stevens,  1944,  sample  no.  41). 
(3)  Chambers  mine.  Grant  County,  Oregon  (Stevens,  1944,  sample  no.  22). 

Several  secondary  chromium-bearing  minerals  of  no 
commercial  importance  occur  in  many  California  chro- 
mite deposits  as  veinlets,  stains,  or  incrustations  in  or  on 
the  ore.  The  most  common  of  these  are  uvarovite,  an  em- 
erald-g;reen  garnet,  and  kammererite,  a  pink  to  purple 
variety  of  chlorite. 

All  primary  deposits  of  chromite  occur  in  ultrabasic 
igneous  rocks,  such  as  peridotite  and  dunite,  or  in  ser- 
pentine derived  from  such  rocks.  Peridotite  is  an  igneous 
rock  composed  predominantly  of  silicate  minerals  rich 
in  magnesium  and  iron,  particularly  olivine  and  some 
pyroxenes.  Peridotite  can  be  subdivided  into  several 
varietal  types,  largely  depending  upon  the  relative  per- 
centages of  the  minerals  present.  Thus  saxonite  is  a 
variety  composed  largely  of  olivine  and  the  pyroxene 
enstatite,  dunite  contains  over  95  percent  of  olivine,  and 
pyroxenite  consists  of  more  than  95  percent  of  pyroxene. 
Chromite  grains  generally  are  sparsely  disseminated 
throughout  these  rocks  as  a  minor  constituent,  but  locally 
are  abundant  enough  to  form  ore  bodies. 

Saxonite  is  by  far  the  most  abundant  variety  of 
peridotite  in  California,  but  dunite  is  common,  particu- 
larly as  masses  enclosed  in  saxonite.  Most  pyroxenite 
bodies  occur  as  veins  or  dikes  cutting  saxonite.  Most 
commercial  deposits  of  chromite  are  found  in  dunite, 
although  the  latter  may  only  form  a  thin  rind  enclosing 
the  ore. 

Because  olivine  and  pyroxene  are  readily  altered  to 
serpentine  minerals,  most  masses  of  peridotite  are  altered 
partially  or  entirely  to  serpentine,  Chromite  apparently 
is  not  affected  by  this  alteration  process;  thus  chromite 
concentrations  originally  present  in  the  peridotite  v?ill 
remain  in  the  resulting  serpentine.  However,  in  the 
process  of  serpentinization  the  iron  in  the  olivine  is  oxi- 
dized to  form  magnetite,  which  is  difficult  to  separate  in 
the  treatment  of  chromite  ores. 

Two  types  of  chromite  ore  are  found  in  primary  de- 
posits. One  contains  grains,  nodules,  stringers,  or  thin 
layers  of  chromite  dispersed  in  the  host  rock,  and  is 
called  disseminated  ore.  The  other  consists  of  masses  of 
chromite  containing  little  or  no  interstitial  silicate  min- 
erals and  large  enough  to  be  mined  as  massive  ore.  Dis- 
seminated ore  must  be  milled  and  concentrated  before 
it  can  be  marketed,  but  massive  ore  can  ordinarily  be 
sold  in  lump  form  without  mechanical  concentration. 


Chromite  ore  bodies  occur  in  a  variety  of  forms.  Most 
have  a  roughly  tabular  or  lenticular  shape,  but  many 
massive  ore  bodies  have  irregular  shapes  and  are  locally 
given  such  descriptive  designations  as  pods,  kidneys, 
knockers,  chimneys,  and  stringers.  Some  deposits  consist 
of  layers  of  massive  and  disseminated  ore  alternating 
with  layers  of  barren  rock,  thus  having  a  stratified  ap- 
pearance (fjg.  2).  Although  layered  deposits  are  rela- 
tively rare  in  California,  foreign  deposits  of  this  type 
comprise  much  of  the  potential  chromite  reserves  of  the 
world. 


Massive    chromite 


Disseminoted    chromite 


Figure  2.     Cross  section  of  ore  body,  Black  Eagle  claim  north  of 
Seiad,  Siskiyou  County  California.   (From  Allen,  19J,l.) 

Although  most  chromite  bodies  contain  less  than  100 
tons  of  ore,  many  foreign  deposits  have  yielded  more 
than  100,000  tons.  For  example,  the  Tiebaghi  mine  in 
New  Caledonia  has  yielded  about  1,500,000  tons  of  high 
grade  massive  ore  averaging  55  to  57  percent  Cr203 
(Maxwell,  1949).  The  Guleman  mine,  in  Turkey,  consists 
of  many  large  ore  bodies  of  massive  chromite  in  a  nar- 
row mass  of  serpentine.  Information  is  not  available  re- 
garding the  exact  size  of  the  individual  ore  bodies,  which 
are  vertical  pipe-like  masses,  but  the  outcrop  area  of  the 
largest  is  about  40,000  scjuare  feet.  In  19.39  the  fully  de- 
veloped ore  reserves  of  the  Guleman  mine  were  about 
750,000  tons.  Most  of  the  ore  contains  more  than  50  per- 
cent Cr20,s  (Perkins,  1939).  The  deposits  of  chromite  in 
Southern  Rhodesia  and  the  Transvaal  are  also  very  large. 

Most,  if  not  all,  primary  chromite  deposits  originated 
as  magmatic  segregations  within  the  host  rock  (Thayer, 
1956).  For  this  reason  there  are  no  zones  of  alteration 
associated  with  the  chromite  such  as  commonly  accom- 
pany ores  that  were  deposited  by  solutions  passing 
through  older  rocks.  Thus  concealed  deposits  are  difficult 
to  detect.  With  very  few  exceptions  the  deposits  that 
have  been  found  either  cropped  out  at  the  surface  or 
were  accidentally  encountered  in  excavation.  Ordinarily, 
the  ore  bodies  have  an  erratic  distribution  within  the 
host  rock  and  defy  attempts  at  systematic  prospecting. 
However,  in  many  places  separate  ore  bodies  occur  in 
clusters;  thus  areas  that  contain  known  deposits  are 
more  favorable  for  prospecting  than  apparently  barren 
areas.  For  a  similar  reason,  shear  zones  in  which  chro- 
mite deposits  have  been  found  are  favorable  features  for 
prospecting.  Shear  zones  are  relatively  common  features 
in  ultrabasic  rocks,  representing  relief  from  shearing 
stresses  along  zones  of  weakness,  and  an  ore  body  or 
group  of  ore  bodies  represents  an  inherent  zone  of  weak- 
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I'iGURE  3.     Diagi-ammatic  sketch  of  pods  of  massive  chromite  in  a 
shear  zone. 

iiess  within  the  rock  mass.  In  many  places  in  California 
two  or  more  faulted  ore  bodies  appear  to  have  been  part 
of  a  single  mass  of  chromite  (fig.  3).  However,  most 
shear  zones  in  serpentine  are  developed  along  other  ele- 
ments of  weakness,  and  do  not  contain  ore. 

Many  massive  chromite  ore  bodies  in  California  are 
accompanied  or  cut  by  dikes  of  rodingite,  a  dense,  heavy, 
LireenLsh  white  rock.  Rodingite  is  largely  composed  of 
\(>suvianite  and  hydrogrossular,  and  in  most  places  was 
apparently  derived  by  hydrothermal  alteration  of  pyrox- 
I'liite  dikes.  Although  it  is  associated  with  many  chromite 
deposits,  rodingite  also  occurs  in  many  places  in  serpen- 
tine where  no  chromite  has  been  found.  Thus  it  has  no 
known  genetic  relationship  with  ore  deposits. 

Because  of  its  high  specific  gravity  and  its  great  re- 
sistance to  chemical  weathering,  the  chromite  that  has 
been  released  from  its  parent  rock  by  weathering  and 
iTosion  commonly  accumulates  in  residual  deposits,  or 
becomes  concentrated  in  stream  and  beach  deposits.  Such 
'■oneentrations  are  locally  rich  enough  to  be  mined.  For 
tlie  most  part,  however,  the  greatest  value  of  chromite 
lloat  or  detritus  is  that  it  often  can  be  traced  by  the  pros- 
pector to  its  source.  Most  of  the  known  deposits  have 
been  found  in  this  way. 

Geophysical  methods  have  not  been  used  extensively  in 
I)rospecting  for  primary  chromite  deposits  and  have  met 
with  varying  success.  The  discouraging  results  yielded 
by  the  application  of  magnetic  methods  have  been  sum- 
marized by  Ilawkes  (1951),  who  writes:  "Magnetic 
methods  have  been  applied  to  chromite  prospecting  far 
more  often  than  would  seem  to  be  warranted  by  its  gen- 
•■rally  undistinguished  magnetic  properties.  The  writer 
knows  of  at  least  30  areas  where  magnetic  surveys  have 
been  run,  but  not  a  single  example  of  commercial  dis- 
covery of  primary  chromite  that  could  be  credited  to  the 
magnetic  data."  However,  the  use  of  gravimetric  meth- 
ods has  met  with  success  in  Cuba  and  appears  to  be  quite 
jiromising.  In  the  Camaguey  district  of  Cuba,  gravimeter 
■surveys  led  to  discovery  of  a  large  concealed  ore  body 
whose  highest  point  is  at  a  depth  of  130  feet  (Hammer 
I't  al.,  1945;  Flint  et  al.,  1948). 


Localities  in  California.  California  contains  abun- 
dant serpentine  and  peridotite,  the  host  rocks  of  chro- 
mite deposits.  As  seen  in  figure  4,  these  rocks  are  widely 
distributed  in  the  Klamath  Mountains,  Coast  Ranges, 
and  foothills  of  the  Sierra  Nevada.  Chromite  deposits 
have  been  found  in  all  of  the  counties  in  which  these 
rocks  crop  out  (Jenkins,  1942).  Altogether,  more  than 
1200  deposits  have  been  found  in  the  state,  and  approxi- 
mately 50  of  these  have  each  yielded  more  than  1,000 
tons  of  ore  to  date.  The  leading  chromite-produeing 
counties,  listed  in  order  of  total  production  prior  to  1956, 
are  San  Luis  Obispo,  Del  Norte,  El  Dorado,  Siskiyou, 
Glenn,  Fresno,  and  Shasta. 

Most  of  the  chromite  thus  far  produced  in  California 
has  been  lump  ore  from  massive  deposits.  These  deposits 
ranged  in  size  from  less  than  one  ton  to  about  20,000 
tons.  More  than  half  of  the  individual  ore  bodies  con- 
tained less  than  15  tons,  and  most  of  the  remainder  have 
yielded  between  15  and  150  tons.  The  largest  massive  ore 
body  found  in  California,  the  Little  Castle  Creek  de- 
posit in  Shasta  County,  yielded  approximately  15,000 
tons  of  chromite  (Matson,  1949). 

Most  of  the  deposits  tliat  have  yielded  substantial 
amounts  of  massive  chromite  consisted  of  two  or  more 
closely  spaced  ore  bodies.  In  jilaces  these  groups  of  ore 
bodies  are  somewhat  aligned  in  sheared  or  faulted  areas 
and  apparently  represent  separated  fragments  from  one 
or  more  masses  that  originally  were  much  larger.  For 
example,  at  the  Lambert  mine  in  Butte  County,  a  series 
of  large  pods  and  small  lenses  and  stringers  of  massive 
chromite  are  distributed  for  at  least  215  feet  along  a 
prominent  and  well-defined  shear  zone  in  serpentine. 
The  width  of  the  shear  zone  ranges  from  less  than  10 
feet  to  at  least  25  feet.  The  zone  contains  at  least  six 
known  sizable  ore  bodies,  the  largest  of  which  was  60  or 
more  feet  long  and  as  much  as  20  feet  wide  and  con- 
tained about  2000  tons  of  chromite  (Rynearson,  1953). 

Some  ore  bodies  appear  to  have  been  originally  em- 
placed  in  clusters,  with  no  evidence  that  shearing  has 
modified  their  relative  positions.  An  example  is  the  Cy- 
clone Gap  deposit  in  Siskiyou  County,  where  at  least 
seven  irregular  but  elongate  pods  of  massive  chromite 
occur  in  a  cluster,  their  longer  axes  oriented  approxi- 
mately vertical.  Only  one  pod,  which  was  well  exposed, 
constituted  the  original  discovery.  However,  in  the  proc- 
ess of  mining  it,  five  other  hitherto  unexposed  pods  were 
found  nearby.  The  smallest  of  these  ore  bodies  contained 
1  or  2  long  tons  and  the  largest  approximately  1100 
long  tons.  By  1945  all  of  these  pods  had  been  mined  out, 
yielding  a  total  of  2,429  long  tons  of  massive  chromite. 
The  maximum  depth  of  mining  was  about  120  feet 
("Wells,  et  al.,  1946).  In  1951,  an  exploratory  tunnel  was 
driven  into  the  mountainside  to  explore  the  ground 
below  the  old  workings,  and  resulted  in  the  discovery  of 
the  largest  ore  body  yet  found  at  this  deposit.  This  is  a 
vertical,  elongate  pod  which  extends  from  a  thin,  vein- 
like surface  exposure,  previoush-  undetected,  to  a  depth 
of  at  least  180  feet.  In  cross  section  it  is  roughly  circular, 
and  about  30  feet  in  maximum  diameter.  By  1956,  when 
mined  to  a  depth  of  about  180  feet,  this  ore  body  had 
yielded  approximately  8500  long  tons  of  massive  chro- 
mite containing  48  to  50  percent  Cr203. 

Del  Norte  County  has  been  the  principal  source  of 
lump  chromite  in  the  state,  although  all  of  the  chromite- 
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Figure  4.     JIajor  outcrops  of  serpentine  .and  peridotite  in  California,  sliowing  locations  of  tlie  principal  chromite  mines.  All  mines  indicated 

have  yielded  more  than  1000  tons  of  chromite. 
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producing  counties  have  contributed  to  our  total  produc- 
tion of  this  type  of  ore.  The  lump  ore  has  been  mostly 
of  metallurgical  grade  and  probably  averaged  at  least  45 
I)ercent  CrgOa.  Many  mines  have  yielded  substantial 
amounts  of  ore  containing  50  percent  Cr203  or  more. 

Most  disseminated  ore  bodies  in  California  are  tabular 
to  lenticular  masses  of  serpentinized  dunite  containing 
swarms  of  grains,  clots,  nodules,  or  small  lenses  of  chro- 
mite. In  some  deposits  the  chromite  is  rather  evenly  dis- 
tributed in  the  host  rock;  in  others  the  chromite  grains 
dceur  in  streaks  or  layers.  The  ore  ranges  from  material 
consisting  principally  of  chromite  to  rock  containing 
only  a  few  percent  of  chromite.  Deposits  of  disseminated 
ore  in  California  range  in  size  from  a  few  tons  to  sev- 
eral hundred  thousand  tons. 

Prior  to  World  War  II  the  tonnage  of  chromite  con- 
centrates produced  in  California  was  relatively  small. 
However,  the  high  prices  caused  by  war  time  demand 
induced  the  construction  of  mills  at  several  of  the  larger 
disseminated  deposits,  and  since  that  time  concentrates 
have  accounted  for  an  ever  increasing  proportion  of  the 
chromite  output  of  California.  Most  of  these  concentrates 
have  come  from  deposits  in  San  Luis  Obispo,  El  Dorado, 
and  Glenn  Counties. 

Almost  all  of  the  disseminated  ore  that  has  been  mined 
contained  more  than  10  percent  Cr203,  and  the  concen- 
trates generally  contained  more  than  45  percent  Cr203. 

With  very  few  exceptions  deposits  of  disseminated 
(;hromite  ore  are  mined  by  open  pit  methods.  Large 
amounts  of  waste  must  be  handled  in  the  ore  bodies  that 
contain  irregular^  distributed  chromite,  that  dip  gently 
and  have  a  barren  overburden,  or  that  consist  of  nar- 
row, steeply  dipping  ore  bodies.  For  example,  during 
World  War  II  the  Gray  Eagle  and  adjoining  Black 
Diamond  mines  in  Glenn  County  yielded  136,440  long 
tons  of  ore,  from  which  30,806  long  tons  of  concentrates 
were  produced.  In  mining  this  ore,  about  878,000  long 
tons  of  overburden  was  removed,  making  the  ratio  of 
waste  to  ore  about  6.5  to  1  (Dow  and  Thayer,  1946). 
In  the  large  open  pit  operations  at  the  Pillikin  mine  in 
El  Dorado  County,  the  ratio  of  waste  to  ore  was  com- 
monly about  4  to  1,  but  in  places  was  more  than  8  to  1. 
Through  1945,  this  mine  had  yielded  about  17,000  long 
tons  of  concentrates  in  addition  to  approximately  10,000 
tons  of  lump  ore  (Cater,  et  al.,  1951). 

Known  reserves  of  chromite  in  California  are  always 
I'elatively  small.  This  is  particularly  true  of  massive  ore, 
because  such  deposits  ordinarily  are  mined  simply  by 
following  the  ore  and  without  drilling  or  other  explo- 
ration to  establish  reserves.  Moreover,  most  massive 
deposits  are  small  and  are  mined  out  quickly.  Conse- 
((uently,  most  of  the  known  reserves  of  chromite  in  Cali- 
fornia are  in  disseminated  deposits,  some  of  which  have 
been  explored  by  the  U.S.  Bureau  of  Mines. 

The  largest  known  reserves  in  the  state  are  in  the 
various  ore  bodies  of  the  Pilliken  mine,  El  Dorado 
County,  where  geological  investigations  have  indicated 
reserves  of  approximately  4,500,000  tons  of  ore  con- 
taining 10  percent  or  more  of  chromite  (Wells,  et  al., 
1945).  However,  this  estimate  is  entirely  based  on  sur- 
face examination,  without  benefit  of  diamond  drilling 
or  other  underground  exploration. 

Trenching  and  diamond  drilling  at  the  Seiad  Creek 
deposit  in  Siskiyou  County  indicated  reserves  of  at  least 


266,000  tons  of  ore  containing  6  percent  Cr203  or  60,000 
tons  containing  15  percent  Cr203  (Wiebelt  and  Ricker, 
1949;  Wells  and  Cater,  1950).  Recent  tests  by  the  U.S. 
Bureau  of  Mines  indicated  that  table  concentrates  con- 
taining more  than  50  percent  Cr203  can  be  produced 
from  ores  of  the  Seiad  Creek  mine  (Engel,  et  al.,  1956). 

An  extensive  sampling  of  some  of  the  principal  de- 
posits in  San  Luis  Obispo  County  recently  has  been 
described  by  Smith  and  Ricker  (1951).  Other  deposits 
in  California  for  which  sampling  projects  also  have 
been  described  include  the  McGuffy  Creek  deposit  in 
Siskiyou  County  (Wiebelt,  1949),  the  Croggins  mine  in 
Siskiyou  County  (Shattuck  and  Ricker,  1949),  the  Little 
Castle  Creek  deposit  in  Shasta  County  (Matson,  1949), 
and  the  McCormick  mine  in  Tuolumne  County  (Shat- 
tuck and  Ricker,  1949a). 

Chromite  is  one  of  the  strategic  minerals  for  which 
exploration  loans  may  be  obtained  from  the  U.S.  De- 
fense Minerals  Exploration  Administration.  After  a 
chromite  prospect  has  been  approved  for  such  a  loan, 
this  agency  will  pay  50  percent  of  the  cost  of  explora- 
tion. Up  to  July,  1956,  the  only  such  loan  approved  to 
explore  for  chromite  in  California  was  granted  to  the 
operators  of  the  Lambert  mine  in  Butte  County. 

Utilization.  The  utilization  of  chromite  is  based  both 
on  its  chemical  and  its  physical  properties.  It  is  the 
only  commercial  source  of  chromium,  which  is  of  value 
both  as  a  metal  and  as  a  constituent  of  many  industrial 
chemicals.  In  addition,  the  high  melting  point  and  neu- 
tral chemical  nature  of  chromite  make  it  of  great  value 
as  a  special  refractory  material.  Thus,  the  uses  of  chro- 
mite fall  into  three  main  groups:  metallurgical,  refrac- 
tory, and  chemical.  A  different  type  of  ore  is  ordinarily 
best  suited  to  each  of  these  three  uses,  but  high-grade 
ores  may  be  used  interchangeably  to  a  certain  extent. 

In  the  metallurgical  field  chromite  is  used  in  the 
production  of  ferrochromium,  the  medium  by  which 
chromium  is  added  to  ferrous  alloys.  The  two  principal 
types  of  ferrochromium,  low-carbon  and  high-carbon, 
are  produced  by  reducing  chromite  ore  in  an  electric 
furnace.  High-carbon  ferrochromium,  the  cheaper  of 
the  two,  is  suitable  for  the  addition  of  chromium  to  low 
alloy  steels  in  which  carbon  must  commonly  be  present. 
Low-carbon  ferrochromium  is  required  in  the  manu- 
facture of  higher  chromium  steels,  such  as  stainless 
steels,  where  a  high  carbon  content  is  detrimental.  In  at 
least  one  process,  of  somewhat  limited  application  to 
date,  chromite  is  added  directly  to  the  steel  furnaces. 

When  alloyed  with  iron  and  certain  other  metals, 
chromium  imparts  certain  desirable  properties  that 
make  it  essential  to  the  steel  industry  and  to  military 
preparedness.  As  an  alloying  agent,  chromium  commonly 
is  used  alone  to  profoundly  modify  the  properties  of 
ordinary  carbon  steel.  It  also  is  used  with  other  alloying 
elements,  such  as  nickel,  tungsten,  cobalt,  vanadium,  and 
molybdenum  (Udy,  1956,  vol.  2).  When  alloyed  in 
proper  amounts  with  iron,  chromium  imparts  to  the  re- 
sulting steel  a  great  resistance  to  oxidation  and  corro- 
sion. All  stainless  steels  contain  chromium  in  propor- 
tions ranging  from  11  percent  to  about  30  percent.  For 
decades  following  its  discovery  in  1914  stainless  steel 
was  largely  limited  in  use  to  the  manufacture  of  cutlery. 
However,  in  recent  years  new  applications,  particularly 
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Figure  5.  Chromite  consumption  in  tlie  United  States,  1941-55, 
indicating  amounts  used  for  metallurgical,  refractory,  and  chemical 
purposes. 

ill  the  manufacture  of  appliances  and  in  the  construc- 
tion industry,  have  greatly  increased  the  use  of  stainless 
steel. 

As  a  constituent  of  steel,  chromium  also  increases 
hardness,  toughness,  susceptibility  to  magnetism,  and 
strength  at  high  temperatures.  Thus  chromium  steels  are 
invaluable  in  the  manufacture  of  such  articles  as  armor 
plate,  projectiles,  high  speed  cutting  tools,  transmission 
parts,  and  machinery  subject  to  abrasive  action  and  high 
temperatures,  such  as  jet  engines  and  gas  turbines. 

For  metallurgical  purposes,  industry  traditionally  de- 
sires chromite  that  contains  at  least  48  percent  CraO.s 
(chromic  oxide)  and  with  a  ratio  of  the  weight  of 
chromium  to  irop  in  the  ore  of  approximately  3  to  1. 
However,  lower  grade  ores  commonly  have  been  used 
during  recent  years  (Katlin  and  Heidrich,  1955).  The 
silica  content  should  be  low  and  the  combined  content  of 
alumina  and  magnesia  is  preferably  lower  than  25  per- 
cent. Hard  lump  ore  is  usually  considered  desirable  for 
this  purpose,  although  fines  or  concentrates  may  be  used 
for  the  production  of  low-carbon  ferrochrome.  The 
metallurgical  grade  chromite  that  is  used  in  the  United 
States  is  obtained  principally  from  Turkey  and  Southern 
Rhodesia. 

Chromite  is  also  used  extensively  in  the  manufacture 
of  refractory  bricks  and  plastic  cements  (Heuer,  et  al., 
1956).  It  has  a  high  melting  point  and  is  chemically 
almost  neutral ;  consequently  it  resists  attack  by  both 
acids  and  bases  at  high  temperatures.  Thus  chromite 
bricks,  plastic  cement,  and  ramming  mixtures  are  widely 
used  for  lining  and  repairing  metallurgical  furnaces, 
particularly  in  steelmaking  furnaces.  For  refractory 
purposes,  a  high  Cr:.03  content  is  not  necessary  if  it  is 


compensated  for  by  alumina.  However,  the  combined 
Cr20,s  and  AI2O3  content  should  be  57  percent  or  more. 
The  silica  content  should  be  below  5  percent  and  the  iron 
content  also  should  be  low,  preferably  below  10  percent. 
Hard,  lumpy  ore  is  desirable  so  that  it  can  be  ground  to 
certain  specifications,  but  fines  and  concentrates  may  be 
used  if  necessary.  Almost  all  of  the  refractory  grade  ore 
used  in  the  United  States  in  recent  years  has  been  im- 
ported from  the  Philippines. 

Chromium  chemicals  are  obtained  by  calcining  a  mix- 
ture of  finely  ground  chromite,  limestone,  and  soda  ash. 
Water  leaching  of  the  resulting  calcine  yields  sodium 
chromate  solution  from  which  sodium  dichromate  is  ob- 
tained by  treatment  with  carbon  dioxide  or  sulfuric 
acid.  Sodium  dichromate,  the  prime  product  of  the  in- 
dustry, is  then  converted  into  chromic  acid  and  other 
chromium  chemicals  (Copson,  1956).  Perhaps  the  most 
obvious  application  of  chromium  chemicals  is  the  thin 
chromium  plating  on  automobile  bumpers  and  other 
fittings.  These  protective  coatings  are  applied  to  the 
steel  fittings  by  electrodeposition  in  a  chromic  acid 
bath.  However,  the  principal  uses  of  chromium  chemi- 
cals are  for  leather  tanning  and  for  the  production  of 
certain  pigments,  for  which  no  satisfactory  substitutes 
are  known.  Chromium  chemicals  are  also  used  in  the 
manufacture  of  such  materials  as  pyrotechnics,  matches, 
mordants,  photographic  supplies,  wood  preservatives, 
dry  cell  batteries,  and  corrosion-inhibiting  muds  for  oil 
well  drilling  (Udy,  1956,  vol.  1). 

Chemical  grade  chromite  should  contain  a  relatively 
high  percentage  of  CroOs,  preferably  over  44  percent, 
but  the  iron  content  can  be  much  higher  than  for  metal- 
lurgical or  refractory  purposes.  Thus  the  ehromium-to- 
iron  ratio  of  chemical  grade  ores  is  commonly  as  low  as 
1.5  to  1.  The  silica  content  should  be  less  than  about 
8  percent.  Pines  or  concentrates  are  used  in  order  to 
facilitate  disintegration  during  processing  of  ore  for 
chemical  purposes.  In  recent  years  all  chemical  grade 
chromite  used  in  the  United  States  has  been  obtained 
from  the  Union  of  South  Africa. 

During  1955  the  amounts  of  the  three  grades  of 
chromite  consumed  in  the  United  States  were :  metal- 
lurgical, 993,653  short  tons;  refractory,  431,407  short 
tons;  chemical,  158,923  short  tons  (Mclnnis  and  Heid- 
rich, 1956). 

Mining  Methods  and  Treatment.  The  methods  of  min- 
ing and  treatment  of  chromite  ores  are  determined  by 
the  character  of  the  ore  being  worked.  Most  of  the  chro- 
mite produced  in  California  has  been  massive  lump 
material.  This  is  mined  by  open  cut  or  underground 
methods,  depending  on  the  position,  size,  and  shape  of 
the  ore  body.  The  ore  is  hand-sorted  and  shipped  without 
further  treatment. 

Almost  all  of  the  disseminated  ore  has  been  mined  by 
open  cut  methods.  The  concentration  of  chromite  ores  is 
generally  a  relatively  simple  process  in  that  chromite  is 
the  principal  heavy  mineral  and  the  gangue  minerals  are 
magnesium  silicates  which  have  much  lower  specific 
gravities  than  chromite.  The  usual  method  involves  pri- 
mary and  secondary  crushing,  milling,  and  gravity  con- 
centration on  tables.  Figure  6  is  the  flowsheet  of  the 
re'ative'y  large  treatment  plant  at  the  Castro  mine  in 
San  Luis  Obispo  County.  Most  operations  are  smaller. 
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Ore    from    mine    in    trucks 


1.  Truck    scales 

2.  Crude    ore    bin 

3.  36"  Apron    feeder 

4.  Jaw   crusher,    I5"X30" 

5.  Gyratory   crustier 

6.- S.incl.  16"  Belt  conveyor 

9.  Flat  screen, 4'X6' single  deck 

1  '/^'x  I  y^ 

10.  Wooden    tank    bin,obout   100  tons 

live    capacity 
I  I.  16"  Belt   feeder 

12.  14"  Belt  elevator 

13.  Screen,  3'X6'  single  deck, 20  mesh 

14.  6'X4'  Low    discharge    boll  mill 

15.  Surge    box 

16.  2rxi6"  classifier 


17.    16"  Belt    sand    drag 
I  8.  Sizer,  6  compartments 

19.  5'  diameter,  50°  cone 

20.  6' diameter,   50''cone 

21  .  14'X  lO'Thickener,  simplex 

diaphrom   pump  on  underflow 
22.-33.incl.  l2Tables,  concentrating 

34.  2"  Pump 

35.  l"  Pump 

36.  2"  Pump 

37.  l"  Pump 

38.  Send    drag,  8"belt,9"L  flights 
39.-40. Two  settling  boxes, 

each  6'XI2'X5'deep 
4I.Stondard   gage   R.R,  cars. 


Figure  6.     Flowsheet,  chromite  treatment  plant.  Ca.'stro  mine.  (From  Smith  and  Richer,  1951.) 
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consisting  of  two  to  four  tables  which  directly  receive 
the  ball  mill  product.  Jigs,  heavy  media  separation 
equipment,  and  the  Humphreys  spiral  concentrator  are 
also  used,  although  the  latter  two  are  not  utilized  in 
California.  Magnetite  is  a  troublesome  mineral  in  some 
ores  because  it  settles  with  the  chromite  and  may  lower 
the  value  of  the  concentrate  both  by  dilution  and  by  in- 
creasing the  iron  content. 

As  some  chromite  ores  contain  too  much  iron  to  be 
marketable,  even  after  mechanical  concentration,  the 
U.  S.  Bureau  of  Mines  has  experimented  with  methods 
to  utilize  them.  One  process  involves  beneficiation  of  con- 
centrates by  roasting  and  acid  leaching  of  the  reduced 
iron,  resulting  in  vipgrading  the  chromium  content 
(Lloyd,  et  al.,  1946).  Another  investigation  developed 
a  process  for  the  electro-winning  of  chromium  from  do- 
mestic low-grade  ores,  and  involves  the  production  of 
chromium  sulfate  electrolyte.  The  chromium  is  recovered 
by  electrodeposition  from  the  electrolyte  (Lloyd,  et  al., 
1946;  Sully,  1954,  pp.  31-36).  Neither  of  these  processes 
is  being  utilized  in  California. 

Markets.  All  of  the  chromite  currently  being  pro- 
duced in  California  is  sold  to  the  United  States  Govern- 
ment through  the  Emergency  Procurement  Service  of 
the  General  Services  Administration.  This  agency  main- 
tains a  purchasing  depot  at  Grants  Pass,  Oregon,  and 
also  purchases  chromite  in  carload  lots  at  the  railhead 
nearest  the  mine.  Prices  paid  are  based  on  $115  per  long 
ton  for  lumpy  ore  and  .$110  per  long  ton  for  fines  and 
concentrates,  all  containing  48  percent  Cr20,'!  and  having 
3  to  1  chromium  to  iron  ratio.  Premiums  of  $4  per  ton 
are  paid  for  each  1  percent  of  Cr203  content  above  48 
percent  and  for  each  one-tenth  increase  in  chromium  to 
iron  ratio  above  3  to  1  up  to  and  including  3.5  to  1. 
Penalties  of  $3  per  ton  are  assessed  for  each  1  percent 
of  Cr203  below  48  percent  down  to  and  including  42 
percent,  and  for  each  one-tenth  decrease  in  chromium  to 
iron  ratio  below  3  to  1  down  to  and  including  2  to  1.  No 
ore  is  accepted  that  contains  less  than  42  percent  CroO.!), 
more  than  10  percent  silica,  or  which  has  a  chromium 
to  iron  ratio  less  than  2  to  1. 

This  program  was  initiated  in  August  1951,  with  the 
intention  of  purchasing  200,000  long  tons  of  domestic 
chromite  ores  and  concentrates,  which  were  to  be  stock- 
piled for  use  in  emergency.  It  is  scheduled  to  terminate 
on  June  30,  1959,  or  when  200,000  long  tons  of  chromite 
have  been  received  and  accepted.  According  to  informa- 
tion released  by  General  Services  Administration,  108,- 
946  long  tons  of  chromite  had  been  accepted  as  of  Decem- 
ber 30,  1955. 

During  the  time  this  program  has  been  in  effect,  the 
maximum  open  market  price  paid  for  foreign  ores  assay- 
ing 48  percent  CroOs,  3  to  1  Cr-Fe  ratio,  delivered  to 
Atlantic  ports,  has  ranged  between  $52  and  $55  per  long 
ton.  Lower  grade  ores,  including  those  utilized  for  re- 
fractories and  chemicals,  ranged  down  to  $22  per 
long  ton. 

There  are  no  industrial  markets  for  metallurgical  or 
chemical  grade  chromite  in  California  because  ferrochro- 
mium  producers  and  chromium  chemical  plants  are 
located  in  the  eastern  part  of  the  United  States.  Chro- 
mite is  used  in  the  manufacture  of  refractory  products 
by  the  following  California  companies  (Katlin,  1955)  -. 
General  Refractories  Co.,  Los  Angeles ;  Harbison-Walker 


1.  Wtllt,  el  al.,  1946 

2.  Wells  Old  Cater,  I9S0 

3.  Dow  and  Thayer,  1946 

4.  Walker  and   Sriggi,    1953 
5  Rynearlon,    1953 

6.  C<n*r,  <f  ol.,  1931 

J.  Coler,    1948 

».  Coltr,  19480 

9.  Ryneorton,  1948 


Figure  7. 


Index    map   showing    areas   for   which   descriptions   of 
chromite  deposits  are  published. 


Refractories  Co.,  Warm  Springs;  Kaiser  Aluminum  & 
Chemical  Corp.,  Moss  Landing;  B.  J.  Lavino  &  Co., 
Newark. 

Most  or  all  of  the  chromite  used  for  refractory  pur- 
poses in  California  is  imported  from  the  Philippines. 
Late  in  1955  a  nominal  price  of  $25  per  long  dry  ton  was 
reported  by  American  Metal  Market  for  refractory  ore 
containing  34  percent  Cr203. 

Production  History  of  Chromite  in  California*  The 
beginning  of  chromite  production  in  California,  as  in 
Maryland,  Virginia,  and  Pennsylvania,  is  linked  with 
the  Tyson  family  of  Maryland.  Isaac  Tyson,  Jr.,  in  the 
early  eighteen  hundreds,  studied  chromite  in  the  French 
literature  and  examined  the  first  known  American  local- 
ity near  Baltimore,  Maryland.  Knowledge  of  its  geolog- 
ical occurrence  led  him  to  the  exploration  of  the 
serpentine  belt  of  the  Appalachians,  and  the  location  of 
numerous  deposits,  some  of  very  large  size.  Subsequcni 
mining  of  these  properties  under  lease  or  purchase  gavi' 
the  family  virtual  control  of  chromite  production  in  tlu' 
United  States  and  it  was  actually  a  world  monopoly  for 
over  30  years.  The  ore  was  shipped  to  Glasgow,  Scotland, 
to  be  processed  for  pigments,  dyes,  and  chemicals,  till 
1845,  when  a  plant  was  started  near  Baltimore  by  Tyson 
(Glenn,  1895). 

The  first  chromite  ore  mined  in  California  was  ob- 
tained from  deposits  in  Del  Norte  County  which  had 
been  discovered  b3^  a  Tyson  Company  employee.  Begin- 
ning in  1869  and  continuing  for  20  years,  ore  was  shipped 

•  Extracted  and  modified  from  section  on  chromite  by  Richard 
A.  Crippen  which  appeared  in  California  Div.  Mines  Bulletin 
156,   1950. 
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ound  the  Horn  to  Baltimore  at  the  rate  of  1,500  to 

000  tons  annually.  Deposits  in  San  Luis  Obispo,  Placer, 
Diioma,  and  Calaveras  Counties  also  yielded  ore  in  this 
iTiod. 

Importations  of   Turkish  chromite,   accompanied  by 
ic  tariff  removal  in  1894,  brought  the  domestic  price 

1  low  that  the  production  of  chromite  in  California 
■ased  from  1896-99,  inclusive.  Production  was  small 
uring  the  years  following,  most  of  it  being  used  for 
■I'raetory  lining  at  California  copper  smelters;  but  dur- 
li,'  the  period  1916-18,  war-time  demand  caused  175,277 
iiis  of  chromite  ore  to  be  shipped  from  California  mines, 
irgely  to  eastern  steel  plants.  From  1921-41,  a  yearly 
\erage  of  less  than  500  tons  of  chromite  ore  was  mined 

California.  Chromite  production  in  the  state  rose 
uring  World  War  II,  and  in  the  period  1941-45  a  total 
f  157,519  tons  was  obtained.  Then  followed  a  severe 

ii'cline  in  production,  which  ended  with  the  resumption 
f  stockpiling  of  domestic  ores  by  the  government  in 

\ugust  1951. 
The  stimulus  created  by  the  incentive  prices  offered 

luder  the  present  government  purchasing  program  has 
■d  to  the  reopening  of  many  of  the  chrome  mines  in 
alifornia  and  to  the  development  of  several  new  de- 

losits.  California  production  rose  from  404  short  tons  in 
floO  to  30,661  short  tons  in  1954,  but  dropped  to  22,077 
hort  tons  in  1955.  San  Luis  Obispo,  Del  Norte,  and 

-Siskiyou  Counties  accounted  for  more  than  half  of  this 

■ec-ent  production,  but  most  of  the  chromite-bearing 
ounties  contributed  to  the  total.  Perhaps  the  most  no- 
al)le  recent  development  has  been  the  increased  exploita- 
i(in  of  deposits  of  disseminated  ore  to  the  extent  that 
he  tonnage  of  concentrates  produced  during  1954  and 

l(t55  considerably  exceeded  that  of  lumpy  ore. 

J  BIBLIOGRAPHY 

Allen,  J.  E.,  1941,  Geologic  investigation  of  chromite  deposits  of 
California :  California  Div.  Mines  Kept.  37,  pp.  101-167. 

Cater,  F.  W.,  Jr.,  1948,  Chromite  deposits  of  Calaveras  and 
Amador  Counties,  California :  California  Div.  Mines.  Bull.  134, 
pt.  3,  chap.  2,  pp.  83-60. 

Cater,  P.  W.,  Jr.,  Rynearson,  G.  A.,  and  Dow,  D.  H.,  1951, 
Chromite  deposits  of  El  Dorado  County,  California :  California 
Div.  Mines  Bull.  134,  pt.  3,  chap.  2,  pp.  33-60. 

Copson,  R.  L.,  1956,  Producton  of  chromium  chemicals,  in  Udy, 
M.  J.,  Chromium,  vol.  1,  pp.  262-282. 

Dow,  D.  H.,  and  Thayer,  T.  P.,  1946,  Chromite.  deposits  of  the 
northern  Coast  Ranges  of  California:  California  Div.  Mines  Bull. 
134,  pt.  2,  chap.  1,  pp.  1-38. 

Engel,  A.  L.,  Shedd,  E.  S.,  and  Morrice,  E.,  1956,  Concentra- 
tion tests  of  California  chromite  ores :  U.  S.  Bur.  Mines  Rept. 
Inv.  5171. 

Flint,  D.  E.,  De  Albear,  J.  F.,  and  Guild,  P.  W.,  1948,  Geology 
and  chromite  deposits  of  the  Camaguey  district,  Camaguey  Prov- 
ince, Cuba:  U.  S.  Geol.  Survey  Bull.  954-B. 

Glenn,  William,  1895,  Chrome  in  the  southern  Appalachian  re- 
gion :  Am.  Inst.  Min.  Eng.  Trans.,   vol.  25,  pp.  481-492. 

Hammer,  S.,  Nettleton,  L.  L.,  and  Hastings,  W.  K.,  1945,  Gravi- 
metric prospecting  for  chromite  in  Cuba :  Geophysics,  vol.  10, 
pp.  34-39. 

Hawlccs,  H.  E.,  Jr.,  Wells,  F.  G.,  and  Wheeler,  D.  P.,  Jr.,  1942, 
Chromite  and  quicksilver  deposts  of  the  Del  Puerto  area,  Stanis- 
laus County,  California:  U.  S.  Geol.  Survey  Bull.  936-D,  pp. 
79-110. 

Hawkes,  H.  E.,  1951,  Magnetic  exploration  for  chromite :  U.  S. 
Geol.  Survey  Bull.  973-A. 

Heuer,  R.  P.,  et  al.,  1956,  Chromium  in  refractories,  in  Udy, 
M.  J.,  Chromium,  vol.  2,  pp.  327-390. 

Katlin,  Charles,  1956,  Chromium:  U.  S.  Bur.  Mines  Bull.  556, 
pp.  173-183. 

5—37833  * 


Kroll,  W.  J.,  Hergert,  W.  P.,  and  Carmody,  W.  R.,  19.50,  Con- 
tribution to  the  metallurgy  of  chromium :  U.  S.  Bur.  Mines  Rept. 
Inv.  47.52. 

Lloyd,  R.  R.,  et  al.,  1946,  Beneficiation  of  Montana  chromite 
concentrates  by  roasting  and  leaching :  U.  S.  Bur.  Mines  Rept.  Inv. 
3834. 

Lloyd,  R.  R.,  1956,  Electrowinning  of  chromium  from  chromium- 
alum  electrolytes,  in  Udy,  M.  J.,  Chromium,  vol.  2,  pp.  51-64. 

Matson,  E.  J.,  1949,  Investigation  of  the  Little  Castle  Creek  chro- 
mite deposit,  Shasta  County,  California:  U.  S.  Bur.  Mines  Rept. 
Inv.  4516. 

Maxwell.  .7.  C,  1949,  Some  occurrences  of  chromite  in  Xew 
Caledonia:  Econ.  Geology,  vol.  44,  no.  6,  pp.  525-.544. 

McGinnis,  W.,  and  Heidrich,  H.  V.,  1956,  Chromium  in  1955 : 
r.   S.   Bur.   Mines,   Mineral   Market  Reports,   M.   M.   S.   No.  2549. 

Perkins,  Enoch,  1939,  Turkey  and  its  chrome  ore :  Eng.  and  Min. 
Jour.,  vol.  140,  no.  6,  pp.  29-34. 

Rynearson,  G.  A.,  and  Smith,  C.  T.,  1940,  Chromite  deposits 
in  the  Seiad  quadrangle,  Siskiyou  County,  California :  U.  S.  Geol. 
Survey  Bull.  922-J,  pp.  281-306. 

Rynearson,  G.  A.,  and  Wells,  F.  G.,  1944,  Geology  of  the  Gray 
Eagle  and  some  nearby  chromite  deposits  in  Glenn  County,  Cali- 
fornia :  U.  S.  Geol.  Survey  Bull.  945-A,  pp.  1-22. 

Rynearson,  G.  A.,  1946,  Chromite  deposits  of  the  North  Elder 
Creek  area,  Tehama  County,  California :  U.  S.  Geol.  Survey  Bull. 
945-G,  pp.  191-210. 

Rynearson,  G.  A.,  1948,  Chromite  deposits  of  Tulare  and  eastern 
Fresno  Counties,  California :  California  Div.  Mines  Bull.  134, 
pt.  3,  chap.  3,  pp.  61-104. 

Rynearson,  1953,  Chromite  deposits  in  the  northern  Sierra 
Nevada,  California  (Placer,  Nevada,  Sierra,  Yuba,  Butte,  and 
Plumas  Counties)  :  California  Div.  Mines.  Bull.  134,  pt.  3, 
chap.  5,  pp.  169-323. 

Shattuck,  J.  R.,  and  Ricker,  S.,  1949,  Investigation  of  the  Crog- 
gins  chromite  mine,  Siskiyou  County,  California  :  U.S.  Bur.  Mines 
Rept.  Inv.  4587. 

Shattuck,  J.  R.,  and  Ricker,  S.,  1949a,  Investigation  of  the 
McCormick  chromite  mine,  Tuolumne  County,  California :  U.S. 
Bur.  Mines  Rept.  Inv.  4578. 

Smith,  C.  M.,  and  Ricker,  S.,  1951,  Chromite  deposits :  Sweet- 
water, Castro,  Trinidad,  New  London,  and  Hilltop  mines,  San 
Luis  Obispo  County,  California :  U.S.  Bur.  Mines  Rept.  Inv.  4783. 

Smith,  C.  T.,  and  Griggs,  A.  B.,  1944,  Chromite  deposits  near 
San  Luis  Obispo,  San  Luis  Obispo  County,  California :  U.S.  Geol. 
Survey  Bull.  945-B,  pp.  23-44. 

Stevens,  Rollin  E.,  1944,  Composition  of  some  chromites  of  the 
western  hemisphere :   Am.  Mineralogist,  vol.  29,  pp.  1-34. 

Sully.  A.  H..  1954,  Chromium,  Academic  Press  Inc.,  New  York. 

Thayer,  T.  P.,  1946,  Preliminary  chemical  correlation  of  chro- 
mite with  the  containing  rocks :  Econ.  Geology,  vol.  41,  pp.  202- 
217. 

Thayer,  T.  P.,  1956,  Mineralogy  and  geology  of  chromium,  in 
Udy,   M.   J.,   Chromium,   vol.   1,  pp.   14-52. 

Udy,  M.  J.,  1956,  Chromium,  vol.  1,  Chemistry  of  chromium 
and  its  compounds,  vol.  2,  Metallurgy  of  chromium  and  its  com- 
pounds, Reinhold  Publishing  Corp.,  New  York. 

Walker,  G.  W.,  and  Griggs,  Allan  B.,  1953,  Chromite  deposits 
of  the  southern  Coast  Ranges  of  California :  California  Div.  Mines 
Bull.  134,  pt.  2,  chap.  2,  pp.  39-88. 

Wells,  F.  G.,  Page,  L.  R.,  and  James,  H.  L.,  1945,  Chromite 
deposits  of  the  Pilliken  area,  El  Dorado  County,  California  :  U.S. 
Geol.  Survey  Bull.  922-0,  pp.  417-460. 

Wells,  F.  G.,  Cater,  F.  W.,  Jr.,  and  Rynearson,  G.  A.,  1946, 
Chromite  deposits  of  Del  Norte  County,  California :  California 
Div.  Mines  Bull.  134,  pt.  1,  chap.  1,  pp.  1-76. 

Wells,  F.  G.,  Smith,  C.  T.,  Rynearson,  G.  A.,  and  Livermore, 
J.  S.,  1949,  Chromite  deposits  near  Seiad  and  McGuffy  Creeks, 
Siskivou  County,  California  :  U.S.  Geol.  Survey  Bull.  948-B,  pp. 
19-62. 

Wells,  F.  G.,  and  Cater,  F.  W.,  Jr.,  1950,  Chromite  deposits  of 
Siskiyou  County,  California :  California  Div.  Mines  Bull.  134, 
pt.  1,  chap.  2,  pp.  77-127. 

Wiebelt,  F.  J.,  1049,  Investigation  of  the  McGuffy  Creek  chro- 
mite deposit,  Siskiyou  County,  California :  U.S.  Bur.  Mines  Rept. 
Inv.  4576. 

Wiebelt,  F.  J.,  and  Ricker,  Spangler,  1949,  Investigation  of  the 
Seiad  Creek  chromite  deposits,  Siskiyou  County,  California  :  U.S. 
Bur.  Mines  Rept.  Inv.  4619. 


130 


Bulletin  176 — Mineral  Commodities  of  California 


Figure  8.  Aerial  view  east  toward  the  Castro  cliromite  mine,  San  Luis  Obispo  County.  This  open  pit  mine  has  yielded  approximately 
120,000  tons  of  disseminated  ore  from  4  large  ore  bodies  and  several  small  ones.  Largest  ore  body  found  contained  about  22,(X)0  tons. 
Average  chromic  oxide  content  of  the  ore  before  milling  was  2.'$  percent.  Photo  by  McLain  Studio,  San  Luis  Obispo,  courtesy  Durand  A.  Hall. 


CLAY 

By  Gkorge  B.  Cleveland 


Clay  ranked  seventh  in  volume  and  tenth  in  dollar 
Blue  in  California's  total  mineral  production  in  1954. 
uring  the  period  1940-54,  claj-  production  in  the  state 
increased  from  324,399  short 'tons  worth  $687,871  to 
12,722,850  short  tons  worth  $6,038,174.  An  all-time  high 
af  nearly  3  million  tons  was  obtained  in  1955.  Since 
1937,  the  average  value  per  unit  volume  of  clay  produced 
in  California  has  remained  at  about  $2  per  ton. 

California  yields  annually  more  than  2  million  tons 
if  common  clay  which  is  mined  from  Recent  floodplain 
nd  alluvial  deposits  and  from  Mesozoic  shale.  Common 
lay  production  is  centered  in  the  Los  Angeles  and  San 
Francisco  metropolitan  areas. 

The  yearlj^  production  in  California  of  fire  clays 
amounts  to  about  500,000  tons.  These  clays  are  of  resid- 
ual and  sedimentary  origin,  and  of  Eocene  and  Paleo- 
cene  ages.  They  are  mined  along  the  western  foothills 
of  the  Sierra  Nevada  and  around  the  northern  part  of 
the  Santa  Ana  Mountains  south  of  Los  Angeles.  Sedi- 
mentary fire  clays  also  occur  in  a  narrow  belt  in  eastern 
Alameda  County  near  San  Francisco.  Fire  clay  of  hy- 
drothermal  origin  occurs  at  Hart  in  eastern  San  Bernar- 
dino County,  near  Casa  Diablo  Hot  Springs  in  southern 
Mono  County  and  in  Jawbone  Canyon  in  Kern  County. 
'Small  amounts  of  ball  clay  are  mined  from  the  central 
Sierra  Nevada  foothill  belt.  From  10,000  to  15,000  tons 
of  bentonitic  clay  is  produced  annually  in  California 
and  is  obtained  principally  from  the  Mojave  Desert — 
Owens  Valley  region  and  from  San  Benito  County  south 
of  San  Francisco. 

GEOLOGY 
Clay  Minerals  and  Clay  Materials 

The  term  "clay"  is  applied  both  to  a  group  of  min- 
erals and  to  a  rock.  Most  clay  minerals  are  hydrous 
aluminum  silicates.  Some  of  them  also  contain  appre- 
ciable proportions  of  magnesium,  iron,  potassium,  cal- 
cium, sodium  and  other  alkali  and  alkaline-earth  ele- 
ments. They  commonly  have  a  platy  habit  and  occur  in 
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grains  generally  less  than  2  microns  (2  thousandths  of 
a  millimeter)  in  diameter.  Although  most  rocks  can  be 
defined  in  terms  of  chemical  composition  and  mineral 
content,  "clay"  as  a  rock  name  has  no  precise  definition, 
but  alludes  to  certain  earthy,  fine-grained  materials  that 
generally  develop  plasticity  when  mixed  with  limited 
amounts  of  water  and  which  contain  appreciable  pro- 
portions of  clay  minerals.  This  definition  includes  sedi- 
mentary rocks  such  as  shale  and  argillite  of  marine  ori- 
gin, silt  and  mud  aceumidation  in  Recent  lake  basins, 
claystone  formed  by  intense  alteration  of  crystalline 
rocks,  and  soil  formed  by  surface  weathering. 

Grim  (1953)  uses  the  expression  "clay  material"  for 
any  fine-grained,  natural,  earthy  argillaceous  material, 
including  the  rocks  mentioned  above.  The  physical  and 
chemical  properties  of  the  clay  material  are  determined 
largely  by  the  nature  and  relative  abundance  of  the  clay 
minerals  they  contain.  The  non-clay  minerals  quartz, 
mica,  limonite,  pyrite,  calcite,  and  gypsum  are  common 
in  most  clay  material. 

Structurally,  the  clay  minerals  consist  of  layers  of 
aluminum  and  silicon  ions  or  atoms  bonded  together  by 
oxygen  atoms  or  combinations  of  oxygen  and  hydrogen 
atoms  which  are  between  the  two  layers.  The  clay  min- 
eral particles  are  held  together  by  electrostatic  charges 
on  the  surfaces  and  edges  of  the  particles.  Magnesium 
and  iron  replace  some  of  the  aluminum  atoms  in  some 
clay  minerals.  Replaceable  sodium,  calcium,  and  potas- 
sium ions  occur  on  the  surfaces  and  edges  of  the  clay 
mineral  particles.  These  replaceable  ions  or  any  ions 
and  molecular  laj^ers  of  water  between  the  clay  particles 
determine  to  a  large  extent  the  plastic  properties  of  a 
clay  mineral. 

Clays,  on  the  basis  of  their  mineralogy,  are  grouped 
under  three  types :  kaolinites,  montmorillonites  and 
illites.  The  kaolinite  group  includes  the  minerals  kaoli- 
nite,  dickite,  nacrite,  halloysite,  anauxite,  and  allophane ; 
all  are  hydrous  aluminum  silicates.  Montmorillonite, 
saponite,  nontronite,  hectorite  and  beidellite  comprise 
the  montmorillonite  group  and  consist  of  hydrous  sili- 
cates of  aluminum,  magnesium,  iron  and,  in  some  varie- 
ties, lithium.  Montmorillonites  commonly  contain  cal- 
cium and  sodium,  as  replaceable  ions.  Illite,  as  a  group 
name,  has  been  applied  to  the  micaceous  varieties  of  clay 
which  are  complex  hydrous  silicates  of  potassium,  alumi- 
num, iron,  and  magnesium. 

The  accurate  identification  of  the  clay  minerals  gener- 
ally requires  highly  trained  mineralogists  and  elaborate 
equipment,  but  a  knowledge  of  the  mineralogy,  chemical 
composition  and  physical  properties  of  a  given  clay  or 
clay  material  may  help  in  predicting  its  ultimate  useful- 
ness. A  ci'ude  evaluation  of  the  possible  commercial 
value  of  a  clay  can  be  obtained  by  testing  for  a  few  com- 
mon properties  such  as  the  swelling  ability  when  im- 
mersed in  water,  the  plasticity,  and  firing  properties. 
A  detailed  evaluation  however,  includes  the  identifica- 
tion of  the  clay  mineral  pr  minerals  hj  one  or  more  of 
the  following  methods :  staining  techniques,  optical  test- 
ing, differential  thermal  analysis,  x-ray  diffraction,  elec- 
tron micrography  and  infrared  spectroscopy. 
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Like  other  materials  that  have  been  used  throughout 
much  of  human  history,  clay  materials  have  acquired 
many  commercial  names.  The  name  generally  refers  to 
principal  uses,  e.g.  brick  clay  or  paper  clay.  A  type  of 
clay,  however,  commonly  is  named  for  the  locality  where 
it  is  found,  or  for  a  person,  or  for  some  specific  property 
that  it  may  possess.  Industrial  producers  have  unavoid- 
ably complicated  the  terminology  by  introducing  in- 
numerable trade  names.  Commercial  classifications  based 
on  ceramic  properties,  mineralogy,  geologic  occurrence, 
origin,  or  industrial  use  have  been  suggested  (Grim, 
1953;  Ries.  1949;  Sehrader  and  others,  1917).  Because 
of  the  broad  interpretation  of  the  term  "clay"  many  of 
these  classifications  must  be  used  in  a  restricted  sense. 

In  spite  of  the  confusing  and  overlapping  terminology, 
industrial  clays  can  be  divided  into  six  main  groups 
based  on  the  simplified  classification  iised  by  the  U.  S. 
Bureau  of  Mines:  (1)  kaolin  (china  clay),  (2)  ball  clay, 
(3)  fire  clay,  (4)  miscellaneoiis  clay  (common  clay), 
(5)  bentonite.  and  (6)  fullers  earth.  The  first  four  can 
be  conveniently  placed  under  the  heading  of  "ceramic 
clay"  and  the  last  two  under  the  heading  of  "benton- 
itic  clay."  Ceramic  clays  are  used  principally  in  ceram- 
ics, but  have  many  non-ceramic  uses  as  well.  Although 
non-swelling  bentonitic  clays  could  properly  be  termed 
bleaching  or  adsorbent  clays  because  of  their  wide  ap- 
plication for  this  purpose,  they  also  have  many  other 
uses.  The  six  groups  will  be  discussed  more  fully  under 
the  heading  "utilization  and  characteristics  of  industrial 
clays. ' ' 

Occurrence  and  Origin 

Clay  minerals  are  secondary  in  origin  and  develop  by 
the  weathering  or  hydrothermal  alteration  of  parent 
rocks  that  generally  are  rich  in  alumina  and  silica.  Most 
clay  has  formed  by  the  weathering  of  crystalline  rocks 
that  contain  abundant  feldspar  and  little  iron,  such  as 
granite  or  granitic  gneiss. 

All  igneous  and  metamorphic  rocks  are  chemically  un- 
stable u^nder  atmospheric  temperatures  and  pressures 
because  these  conditions  are  quite  difl'erent  from  those 
that  attended  their  formation.  Being  out  of  chemical 
equilibrium  they  change  to  more  stable  forms  in  response 
to  their  new  environment.  Clay  minerals  are  the  stable 
weathering  products  of  many  rock-forming  minerals, 
especia'Iy  feldspars. 

Under  the  moist  and  warm  conditions  of  tropical 
weathering,  decomposition  of  the  parent  rock  is  more 
rapid  and  complete  than  in  other  types  of  climate.  The 
weathering  effects  reach  deep  below  the  surface  and  the 
chemical  leaching  removes  virtually  all  of  the  non-clay 
forming  remnants  of  the  original  rock.  Thus  large  de- 
posits of  nearly  pure  clay  are  formed  in  a  relatively 
short  span  of  geologic  time.  In  areas  of  temperate  cli- 
mate, large  residual  deposits  of  high-quality  clay  ordi- 
narily do  not  form,  as  the  alteration  and  leaching  pro- 
ceed much  more  slowly. 

Clay  deposits  are  commonly  classified  by  mode  of 
formation  as  (1)  residual  deposits  M'hich  occur  at  the 
site  of  formation,  and  as  (2)  sedimentarj'  deposits  which 
contain  clays  that  have  been  transported,  usually  by 
water,  and  deposited  some  distance  from  their  site  of 
formation.  The  residual  deposits  that  are  products  of 
weathering  form  mantles  on  the  parent  rock  from  which 
they  are  derived.  They  ordinarily  cover  many  acres  and 


range  from  a  few  feet  to  several  tens  of  feet  in  thickness. 
The  intensity  of  weathering  and  the  size  and  shape  of  the 
area  of  exposed  parent  rock  have,  in  general,  deter- 
mined the  size  of  the  clay  deposit,  whereas  the  character 
of  the  clay  is  largely  determined  by  the  nature  of  the 
parent  rock.  Feldspar-rich  pegmatite  dikes  are  altered 
to  clay  more  easily  and  to  greater  depths  than  are  many 
other  rock  types.  Such  clay  deposits  are  generally  lentic- 
idar  in  shape  and  much  smaller  in  total  voh;me  than 
other  types. 

Clay  deposits  also  can  be  formed  from  sedimentary 
limestones.  Clay  admixed  with  lim.v  .sediments  at  the 
time  of  deposition  may  be  released  by  subsequent 
weathering,  forming  nearly  pure  clay  deposits.  These 
deposits  are  generally  small  and  only  of  local  impor- 
tance. 

In  general,  chemical  weathering  frees  the  original 
elements  or  compounds  in  the  parent  rock  (alumina  and 
silica  with  subordinate  sodium,  calcium,  potassium,  mag- 
nesium and  iron)  and  they  become  reconstituted  into 
new  minerals — mostly  clays.  The  formation  of  kaolinite 
requires  the  removal  of  sodium,  calcium,  potassium, 
magnesium  and  ferrous  iron  (Keller,  1955,  ]).  48). 

Although  magnesium,  calcium  and  ferrous  iron  inhibit 
kaolinization,  they  are  essential  to  the  formation  of  the 
montmorillonite-group  minerals.  Where  these  elements 
are  abundant  in  alumino-silicate  rocks  and  the  leaching 
process  is  incomplete,  montmorillonite  tends  to  form  in 
pla''e  of  kaolinite.  Montmorillonite,  unlike  kaolinite,  gen- 
erally forms  under  alkaline  conditions.  The  formation  of 
illite-group  minerals  requires  much  the  same  chemical 
reactants  as  do  the  montmorillonites,  but  dissolved  po- 
tassium must  also  be  present  in  such  concentrations  as 
to  promote  cation  exchange. 

The  hydrothermal  alteration  of  alumino-silicate  rocks 
to  clay  is  accomplished  by  warm,  chemicallj-  charged 
water  emanating  at  depth  and  derived  largel.v  to  wholly 
from  igneous  sources.  This  water  is  conducted  through 
openings  to  points  at  or  near  the  surface.  En  route  it 
leaches  the  host  rocks  of  soluble  compounds  and  may  in 
turn  introduce  new  materials  into  the  enclosing  rocks. 
In  this  manner,  clay  and  other  mineral  deposits  are 
formed.  These  solutions  are  thought  to  be  originally  acid 
and  to  become  alkaline  upon  reacting  with  tlie  wall 
rocks.  The  waters  carry  chieflj^  sulfur,  carbon  dioxide, 
chlorine  and  silica.  Nearly  all  of  the  clay  mineral  species 
have  been  found  in  hydrothermal  deposits. 

In  hydrothermal  deposits,  kaolinite  commonly  is 
formed  by  the  action  of  sulfuric  acid  on  alumino-silicate 
rocks.  Hydrogen  sulfide  gas  derived  from  thermal  solu- 
tions is  oxidized  at  or  near  the  surface  to  sulfuric  acid. 
Weak  sulfuric  acid  solutions  can  form  kaolinite,  alunite, 
and  free  opaline  silica,  but  where  there  is  a  meager  sup- 
ply of  water,  the  sulfuric  acid  becomes  concentrated  in 
syrupy  films  and  vigorously  attacks  the  wall  rocks. 
Under  these  conditions,  kaolinite,  being  an  intermediate 
p -oduct  in  the  comi)lete  alteration  by  solfataric  action, 
is  chemically  unstable  and  the  final  alteration  products 
are  aluminum  sulfate  and  free  silica. 

Hydrothermal  deposits  are  generally  no  more  than  a 
few  tens  of  feet  in  lateral  dimensions  but  commonly  ex- 
tend to  much  greater  depths. 

Bentonite,  a  rock  composed  principally  of  montmoril- 
lonite-group minerals,  appears  to  have  formed  largely 
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Table  3.     Chemical  analyses  of  selected  California  ceramic  cUii/x. 

Sample  1,  Ross  and  Kerr  (1930,  p.  163)  ;  Sample  2-4. 
Dietrich  (1928,  p.  354). 


« 

(1) 

(2) 

(3) 

(4) 

SiOi  --- 

44.70 
38.64 

.96 
none 
.08 
.24 
.14 
.62 
.22 
.64 
13.88 

45.08 

37.31 

3.74 

trace 
0.10 
0.44 
0.72 

58.36 

28.92 

2.06 

0.12 
0.66 

0.48         \ 
0.4.5          / 

48.93 
36.13 

1   15 

AlsOs 

Fej03 

MnO 

MgO 

CaO 

0.21 

KiO   _ 

NasO 

0.87* 

Ti02 

HjO- 

HiO+ 

-- 

(1)  Kaollnite,  lone.  Amador  County. 

(2)  Ksollnite,  Alberliill,  Riverside  County. 

(3)  Kaolinite,  Lincoln,  Placer  County. 

(4)  Kaolinite,  Tesla.  Alameda  County. 
*  Total  alltalies  by  dltference. 

by  the  alteration  of  layers  of  volcanic  ash,  a  nearly 
homogeneous  material  composed  of  shards  of  volcanic 
glass.  The  alteration  to  bentonite  probably  is  etfected  by 
ground  water,  charged  with  carbon  dioxide,  organic 
acids  and/or  sulfuric  acid.  The  alteration  is  facilitated  by 
the  unstable  character  of  natural  glasses.  Bentonite  also 
can  form  fine-grained  clastic  sedimentary  rocks.  Many 
bentouites  exhibit,  on  their  weathered  surface,  a 
crinkled  coral-like  appearance.  This  is  commonly  called 
"clay-bloom."  It  may  also  extend  up  through  overlying 
sediments  for  many  feet  and  crack  the  soil  giving  it  a 
particular  crosshatehed  pattern.  This  texture  is  best  de- 
veloped in  arid  regions  and  is  apparently  caused  by  the 
adsorption  of  water  after  partial  or  complete  dehydra- 
tion (Schroter  and  Campbell,  1940,  p,  11). 

Sedimentary  deposits  may  contain  clay  derived  from 
any  type  of  residual  deposit,  and  they  show  a  wide  range 
in  purity  and  size.  Most  sedimentary  clay  deposits  have 
been  transported  by  water.  Streams  or  currents  carry  the 
fine  clay  and  other  sedimentary  material  in  suspension 
and  solution,  whereas  the  heavier  material  ordinarily 
moves  by  traction  or  saltation.  During  transportation  the 
larger  material  is  reduced  in  size  by  abrasion  with  other 
particles  and  with  the  sides  and  bottom  of  the  channel. 
As  the  material  approaches  the  basin  of  deposition, 
whether  it  be  lagoon,  flood  plain,  lake,  e.stuary,  delta  or 


Figure  '2.  Surface  of  bentonite  outcrop  showing  coral-like  tex- 
ture called  "clay  bloom."  Vallecitos  bentonite  deposit,  San  Benito 
County. 


the  deep  sea,  the  velocity  of  the  stream  or  current  is 
gradually  checked  and  its  carrying  capacity  reduced  at  a 
somewhat  uniform  rate.  This  allows  for  sorting  by  parti- 
cle size  with  the  coarsest  fraction  deposited  first  and  the 
clay  particles  last.  However,  the  volume  of  water  car- 
ried by  a  stream  varies,  and  therefore  particles  of  a 
given  size  can  be  widely  distributed.  This  leads  to  mixing 
of  particle  sizes  within  the  basin  and  partly  accounts  for 
the  wide  purity  range  of  sedimentary  clays.  The  size  and 
configuration  of  this  type  of  clay  cleposit  is  dependent 
upon  the  nature  of  the  basin  of  deposition.  Most  sedi- 
mentary deposits  are  narrow  lenses  that  wedge  out  along 
the  periphery  of  the  basin. 

In  areas  of  little  relief  residual  deposits  persist  and 
the  eroded  clay  is  commonly  deposited  in  nearby  basins. 
As  the  carrying  capacity  of  the  streams  is  at  a  mini- 
mum, they  will  selectively  remove,  transport  and  deposit 
the  clay  rather  than  the  coarser  and  heavier  materials, 
thereby  resulting  in  nearly  pure  clay  deposits.  Bogs 
commonly  form  in  low  areas,  and  clay  and  dead  plant 
material  are  deposited  contemporaneously.  For  this  rea- 
son coal  seams  occur  in  many  clay  deposits.  The  presence 
of  organic  material  causes  any  insoluble  ferric  iron  in 
the  clay  to  be  reduced  to  the  soluble  ferrous  state  (Bate- 
man,  1942,  p.  236).  However,  .sulfide  ions  also  combine 
with  the  iron  and  form  insoluble  iron  sulfides  (commonly 
pyrite)  which  are  deposited  with  the  clav  (Keller,  1955, 
p.  49). 

Fire-Clay  Deposits  Associated  with  Paleocene  and 
Eocene  Formations 

During  the  Paleocene  and  Eocene  epochs,  California's 
climate  was  warm  and  moist  and  much  of  the  present 
land  surface  was  inundated  by  shallow  seas.  These  condi- 
tions favored  deep  chemical  weathering  and  the  deposi- 
tion of  sedimentary  clays  in  the  lagoons  that  bordered 
the  inland  seas.  During  this  time  the  principal  deposits 
of  high-grade  ceramic  clays  in  California  were  formed. 
The  clay-bearing  lone  formation  is  exposed  along  the 
eastern  margin  of  the  Great  Valley  of  California,  and 
the  Tesla  formation  is  correspondingly  exposed  on  the 
western  margin.  These  two  sedimentary  units  are  sim- 
ilar and  may  be  separate  occurrences  of  the  same  for- 
mation. The  most  productive  of  their  contained  sedi- 
mentary clay  deposits  are  at  lone  in  Amador  County, 
Lincoln  in  Placer  County,  and  at  Tesla  in  Alameda 
County.  In  Riverside  and  Orange  Counties,  residual 
and  sedimentary  clay  deposits,  both  of  probable  Paleo- 
cene age,  crop  out  in  an  arcuate  area  around  the  north- 
ern part  of  the  Santa  Ana  Mountains,  The  most  produc- 
tive of  these  deposits  is  at  the  southeast  end  of  the 
Temescal  Valley  near  the  town  of  Alberhill.  The  sedi- 
mentary deposits  are  part  of  the  Silverado  formation. 

lone-Lincoln  Area.  The  middle  Eocene  lone  forma- 
tion crops  out  in  a  discontinuous  belt  bordering  the 
western  foothills  of  the  Sierra  Nevada,  from  approx- 
imately the  Feather  River  in  the  north  to  the  San  Joa- 
quin River  in  the  south.  The  lone  formation  consists 
mostly  of  sand  and  clay-sand  mixtures,  with  local  beds 
of  clay,  shale,  siliceous  gravel,  conglomerate  and  lignite. 
The  formation  was  deposited  in  a  lagoon  environment 
and  therefore  shows  a  wide  range  in  thickness  and  lithol- 
ogy  within  a  given  basin  and  from  one  basin  to  another. 
The  clay-rich  bodies  occur  as  beds  and  lenses  and  com- 
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GENERALIZED   FROM    PASK   AND  TUfiNER    1952 


VERTICAL    SCALE    10  TIMES    HORIZONTAL    SCALE 


SUBSURFACE    INTERPRETATION    BASED   ON 
DRILL-HOLE    DATA. 


Volley  Springs  fm. 


Upper  member 


Lower,  cloy  beor- 
mg   member 


Pre-  lone  sediments 

Jurossic  bedroclr  seriet 
(  Moriposo  slote 
and  Amodor  group  ) 


Figure  3.     Generalized  oiosy  section  through  the  lone  area  near  Biiena  Vista,  Amador  County. 


monly  consist  of  clay-sand  mixtures  with  a  sand  content 
that  ranges  from  a  few  percent  to  60  percent.  Other 
beds  within  the  lone  formation  are  composed  essentially 
of  sand  and  a  small  proportion  of  anaiixite  (Allen,  1929). 
Although  most  of  the  clay  is  of  sedimentary  origin,  and 
was  derived  from  the  crj'stalline  rocks  of  the  Sierra 
Nevada,  minor  residual  deposits  are  developed  on  Ju- 
rassic metamorphic  rocks  adjacent  to  the  lone  deposits. 

The  lone  formation  in  the  lone  area  consists  of  two 
members,  and  has  a  total  thickness  of  about  400  feet. 
The  lower  member  consists  principally  of  clayey  sand, 
clay  and  lignite.  The  upper  member  is  characterized  by 
sand,  cla3'ey  sand,  some  clay  and  minor  amounts  of  con- 
glomerate. Most  of  the  commercial  clays  are  in  the  lower 
member  and  they  are  either  kaolinite  or  anauxite,  mixed 
with  iron  oxide  and  quartz  impurities.  To  the  west,  the 
lone  formation  is  buried  by  younger  sedimentary  rocks. 
Along  the  foothills  to  the  east  in  manj'  places  the  forma- 
tion is  capped  by  younger  volcanic  rocks. 

Near  Tone  are  33  clay  pits  distributed  in  an  area  about 
12  miles  long  and  2  miles  wide.  This  area  has  yielded 
about  one-third  of  the  fire  clay  produced  in  California 
since  mining  began  about  1860.  The  lone  sediments  in 
this  area  appear  to  have  filled  an  irregular  basin  in 
Upper  Jurassic  metamorphic  rocks  of  the  Amador  group 
and  Mariposa  formation.  This  embayment  of  the  Eocene 
sea  inundated  the  lone  area  and  received  the  clay-rich 
sediments  transported  by  streams  from  higher  ground 
to  the  east.  The  purer  and  more  refractory  clays  were 
deposited  on  the  western  side  of  the  basin.  Near  Buena 
Vista  the  lone  overlies  unnamed  pre-Ione  sedimentary 
rocks.  The  lone  formation  crops  out  irregularly  and  is 
overlain  largely  by  pyroclastic  rocks  of  the  Miocene 
Valley  Springs  formation  and  by  Recent  alluvium.  The 
lone  formation  and  the  post-lone  rocks  are  nearly  free 
from  structural  complexities,  but  have  a  regional  western 
dip  of  about  4  degrees. 

The  clays  produced  in  the  lone  area  are  fire  clays  and 
they  have  been  classified  into  six  types  based  on  their 
ceramic  properties.  They  are  the  Edwin,  Cheney  Hill, 
Bacon,  Yosemite,  lone  sand  (from  25  to  80  percent  clay) 
and  lone  Red.  As  these  clays  were  deposited  in  local  de- 
pressions on  the  bedrock  or  on  the  underlying  lone  sed- 
imentary rocks  the  bodies  are  discontinuous.  The  clay 


bodies  range  in  thickness  from  a  few  feet  to  30  feet': 
or  more  but  average  about  15  feet. 

In  recent  years  Gladding,  McBean  and  Company,  Pa- 
cific Clay  Products  Company,  Western  Refractories 
Company  and  the  Calaveras  Cement  Company  have  been 
actively  mining  clay  in  the  lone  area.  Most  of  the  fire 
clay  is  mined  for  use  in  heavy  clay  products;  however, 
a  significant  tonnage  of  Edwin-type  clay  is  used  in  re-  - 
fractory  products.  Open  pit  methods  are  used  to  mine 
the  clay.  In  the  past,  certain  of  the  highly  refractory 
clays  were  selectively  mined  underground,  when  con- 
tamination was  a  factor  or  when  it  was  not  economically 
feasible  to  strip  off  the  overburden.  The  amount  of  over- 
burden that  must  be  removed  to  reach  the  clay  varies 
from  a  few  feet  to  25  feet,  rarely  as  much  as  50  feet : 
or  more. 

In  the  Lincoln  area  of  western  Placer  County,  about 
40  miles  northwest  of  lone,  fire  clay  also  is  mined  from 
the  lone  formation,  which  here  is  overlain  by  the  Mio- 
Pliocene  Mehrten  formation.  The  clay  zone,  which  is 
about  100  feet  thick,  is  nearly  horizontal  and  is  distrib- 
uted over  an  area  of  about  four  square  miles.  The 
Lincoln  clays  are  uniform  in  thickness  and  quality  over 
a  large  portion  of  the  area.  The  overburden  ranges  from 
ten  to  twenty  feet  thick  and  consists  of  andesite-agglom- 
erate  and  impure  sand  and  clay.  The  principal  mining 
activity  in  the  Lincoln  area  has  centered  about  three 
large  pits  developed  by  Gladding,  McBean  and  Company 
and  Lincoln  Clay  Products  Company,  Incorporated. 
Production  of  clay  began  in  this  area  about  1875. 

In  recent  years  clays  of  the  lone  formation  also 
have  been  mined  at  Valley  Springs,  Calaveras  County; 
Knights  Perry,  Stanislaus  County;  Michigan  Bar  and 
Folsom,  Sacramento  County;  and  near  Cooperstown, 
Tuolumne  County. 

Alberhill  and  Northern  Santa  Ana  Mountain^ 
Areas.  The  Alberhill  area,  in  the  northeastern  part  of 
the  Elsinore  quadrangle  and  at  the  southeast  end  of  the 
Temescal  Valley,  Riverside  County,  contains  the  largest 
known  deposits  of  commercial  fire  clay  in  southern  Cali- 
fornia. These  deposits  have  been  developed  by  twenty- 
four  clay  pits  south  of  the  town  of  Alberhill  and  are  lo- 

1  Discussion  of  Alberhill  deposits  prepared  by  B.  H.  Rogers,  1956. 
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Figure  4.     Geologic  cross  section   througli  typical  clay  pit  near  Alberhill,  Riverside  County. 


cated  in  sees.  21,  22,  23,  and  26,  T.  5  S.,  K.  5  W.,  S.  B.  M. 
In  1955,  twelve  pits  were  active  and  were  operated  by 
the  Alberhill  Coal  and  Clay  Company,  Ijos  Angeles  Brick 
and  Clay  Products  Company,  and  Gladding,  McBean 
and  Company. 

The  clay  deposits  in  the  Alberhill  area  are  confined  to 
a  single  zone  which  contains  both  residual  and  sedimen- 
tary clay.  The  residual  clay  was  formed  by  the  deep 
weathering  of  the  Mesozoic  crystalline  bedrock,  appar- 
ently in  Paleocene  time.  The  sedimentary  clay  was 
eroded  and  transported  from  the  ancient  surface  and  is 
now  part  of  the  Silverado  formation  of  probable  Paleo- 
cene age.  In  the  Alberhill  area  this  clay-bearing  zone 
underlies  an  area  of  about  1^  square  miles  along  the 
borders  of  and  within  the  Temescal  Valley.  It  is  about 
80  feet  in  average  thickness  and  has  a  maximum  thick- 
ness of  about  150  feet.  The  known  deposits  of  high-grade 
commercial  clay  are  confined  to  the  areas  of  the  clay  pits 
which  total  less  than  half  of  the  area  known  to  be  under- 
lain by  the  clay-bearing  zone. 

The  residual  clay  deposits  are  as  much  as  130  feet 
thick,  and  grade  downward  and  laterally  into  weathered 
metasedimentary  rocks  of  the  Triassic  Bedford  Canyon 
formation  and  andesitic  rocks  of  the  Jurassic  ( ?)  Santi- 
ago Peak  volcanics.  Slaty  cleavage,  outlines  of  feldspar 
phenocrysts  and  of  angular  rock  fragments,  and  hexa- 
gonal quartz  grains  are  remnant  structures  that  indicate 
that  the  residual  clay  was  derived  from  slate,  volcanic 
breccia,  and  hypabyssal  igneous  rocks  respectively. 

Although  sedimentary  clay  occurs  throughout  the  120 
feet  maximum  exposed  thickness  of  the  overlying  Sil- 
verado formation,  the  layers  of  clays  of  commercial  im- 
portance generally  occur  in  the  lower  half.  Individual 
layers  are  commonly  less  than  20  feet  thick  and  com- 
prise areas  of  less  than  30  acres.  Layers  of  sandy,  non- 


commercial material  occur  interbedded  with  the  clay 
throughout  the  section. 

In  most  of  the  area,  the  Silverado  formation  is  over- 
lain by  Quaternary  conglomerate  that  is  about  10  feet 
in  average  thickness  and  locally  as  much  as  50  feet  thick. 
In  open  pit  operations  this  waste  material  must  be  re- 
moved to  expose  the  commercial  clay. 

The  clays  of  the  Alberhill  area  are  used  in  two  main 
types  of  clay  products.  Red-burning  residual  claystone, 
the  red  and  white  mottled  sedimentary  claystone  and 
waxy  clay  shale  are  used  to  make  heavy  clay  products 
such  as  sewer  pipe,  face  brick,  and  tile.  White  "bone" 
clay  and  sedimentary  fire  clay  are  used  in  the  production 
of  refractory  clay  products  such  as  fire  brick,  flue  lining, 
and,  in  lesser  amounts,  pottery. 

Clay  was  discovered  in  the  Alberhill  area  in  the  early 
1880 's.  In  the  early  days  it  was  mined  by  underground 
methods  in  which  hand  tools  and  man  and  mule  power 
were  employed.  Since  about  1940,  clay  has  been  mined 
almost  entirely  by  open  pit  methods.  Although  modern 
equipment  such  as  bulldozers,  and  power  shovels  are  now 
used  to  mine  almost  all  of  the  clay  used  in  heavy  clay 
products,  the  higher-grade  fire  clay  is  still  selectively 
mined  by  hand  methods  so  that  it  can  be  kept  separate 
from  the  sandy  clay. 

More  than  800,000  tons  of  high  grade  clays  have  been 
mined  in  Orange  County  since  1925.  A  considerable  part 
of  this  output  came  from  the  Claymont  area  which  is 
seven  miles  west  of  Corona  and  in  the  northernmost  part 
of  the  Santa  Ana  Mountains.  Flint  fire  clay  is  mined 
from  beds  of  the  Paleocene  ( ?)  Silverado  formation.  The 
clay  zone  strikes  nearly  north  and  dips  25  degrees  west, 
and  is  characterized  by  ferruginous  pisolitic  clay.  In 
some  places  the  ferruginous  clay  is  overlain  or  grades 
laterally  into  light-colored  flint  clays.  Pisolitic  flint  clay 
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Figure  5.     Fresh  exposure  of  clay  and  lignite  in  upper  pit  at  Alberhill  clay  mine,  Riverside  County.  I'hoto  hy  Richard  //.  Johns. 


is  called  "bone  clay."  In  some  places  the  clay  zone  is 
overlain  by  lignite  and  in  some  localities  a  high-grade, 
soft,  white  to  gray  clay  occurs  between  the  flint  clays  and 
the  lignite.  The  contacts  between  the  clays  are  grada- 
tional  and  the  qualitj-  of  the  clay  may  vary  rapidly  along 
the  strike.  The  commercial  fire  clay  is  from  4  feet  to  7 
feet  thick,  and  is  hard,  gray  to  black  in  color  and  has  a 
conchoidal  fracture.  It  contains  disseminated  quartz 
grains,  lenses  of  quartz  sand  and  chlorite.  The  commer- 
cial clay  of  the  Claymont  bed  is  highly  refractory,  and 
has  been  reported  to  be  cone  33  or  34  (Dietrich,  1928, 
p.  141;  Sutherland,  1935,  p.  81).  Most  of  the  cone  33 
to  34  clay  has  been  mined  out,  but  large  reserves  of  lower 
grade  clay  remain.  The  mines  were  being  operated  in 
1955  by  two  main  tunnels  with  appended  drifts  into 
clay  beds  overlying  the  Claymont  bed.  The  clay  was 
recovered  by  stoping.  The  Claymont  mines  have  been 
in  nearly  continuous  operation  since  Gladding,  McBean 
and  Company  acquired  the  property  about  1925. 

In  southern  Orange  county,  southeast  of  El  Toro, 
sma','  amounts  of  high  grade  kaolin  are  produced  from 
the  Schoeppe  and  from  the  Arnold  properties.  This  clay 
is  recovered  by  the  hydraulic  treatment  of  a  clay-sand 
mixture  from  the  Silverado  formation. 

Tesla  Area.  The  middle  Eocene  Tesla  forniation  is 
confined  to  a  narrow  belt.  5  miles  long  and  about  one-half 
mile  wide,  in  Corral  Hollow,  eastern  Alameda  and  west- 
ern San  Joaquin  Counties.  The  formation  is  composed 
of  white  and  buff  sands,  lignite,  carbonaceous  shale,  and 


white  to  bluish  anauxitic  clay.  The  Tesla  formation  rests 
unconformably  on  the  Upper  Cretaceous  Moreno  Grande 
formation  and  is  unconformably  overlain  by  the  upper 
Miocene  Cierbo  formation  and  Recent  alluvium.  The 
rocks  of  the  Tesla  formation  and  associated  formations 
are  folded  into  a  tight  east-trending  syncline.  The  south 
flank  is  exposed  along  Corral  Hollow  where  it  dips 
steeply — a  factor  that  has  limited  the  economic  develop- 
ment of  the  clay  deposits.  The  north  flank  is  not  exposed. 
The  clay  is  associated  with  white  sands  that  lie  above 
lignitie  coal  beds  in  the  upper  part  of  the  formation. 
The  clay  ranges  in  grade  from  high-quality  plastic  fire 
clay,  some  of  which  is  super-duty  refractory  grade,  to 
impure  red-burning  pottery  clays.  The  zone  of  clay  beds 
in  the  vicinity  of  Tesla  is  about  400  feet  thick  (Huey, 
1948,  p.  34). 

Clay  production  began  during  the  waning  j-ears  of 
coal  mining  in  this  area  and  continued  intermittently 
through  the  turn  of  the  century  to  the  present  time.  The 
close  association  of  coal  and  clay  permitted  removal  of 
the  clay  through  the  old  coal  workings;  but,  when  all  the 
readily  available  clay  was  exhausted,  further  develop- 
ment work  proved  economically  unfeasible.  Although  the 
clay  is  superior  to  many  types  being  mined  in  California, 
the  steeply  dipping  beds  requires  underground  mining. 
Hence  very  little  clay  has  been  mined  in  the  Tesla  area. 
A  large  scale  development  of  the  Tesla  deposits  has  been 
delayed  by  the  presence  of  the  large,  easily  mined  de- 
posits of  similar  clays  elsewhere  in  California. 
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Figure  6.     Geologic  section  through  Tesla  area,  Alameda  County. 
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Common  Clay  Deposits 

\  Large  tonnages  of  alluvial  or  common  clay  are  abun- 
dantly distributed  throughout  the  state.  However,  only 
near  the  centers  of  population,  where  structural  clay 
products  are  in  demand,  have  these  deposits  been  worked 
on  a  large  scale.  In  the  Los  Angeles  area  are  abo>it  60 
clay  pits  in  Recent  alluvium.  About  sixteen  of  these  pits 
have  been  operated  in  recent  years.  The  San  Francisco 
Bay  area  is  supplied  with  common  clay  from  shales  of 
the  Upper  Jurassic  Franciscan  formation  and  from  Re- 
cent alluvium,  notably  from  the  Niles  alluvial  cone  in 
western  Alameda  County.  Nearly  every  county  in  Cali- 
fornia has  produced  common  clay  in  the  past. 

The  Mojave  Desert  regions  of  Kern  and  Los  Angeles 
Counties  have  yielded  clay  material  from  playa  lakes 
that  is  used  in  oil-well  drilling  mud.  The  material  is 
composed  of  illite,  fine  sand  and  chlorite.  Swelling  ben- 
tonite  is  added  to  the  clay  material  to  form  a  slurry  that 
will  withstand  gas,  oil,  and  water  pressure  during  drill- 
ing. Principal  production  has  come  from  Rogers,  Buck- 
horn,  and  Muroc  dry  lakes. 

Bentonite  Deposits 

Bentonite  deposits  are  irregularly  distributed  through- 
out the  southern  half  of  California,  and  are  associated 
with  rocks  that  range  in  age  from  Paleozoic  to  Recent. 
Most  of  them  are  Tertiary  in  age.  Thirty-two  bentonite- 
beariug  localities  liave  been  reported,  most  of  them  in 
San  Bernardino,  Inj^o,  Kern,  and  Ventura  Counties. 
Seven  of  these  deposits  are  being  actively  mined  and 
intermittent  production  has  been  reported  from  nine 
others. 

At  the  southern  end  of  the  Owens  Valley,  east  of 
Olaiieha,  the  Sierra  Tale  and  Clay  Company  mines  non- 
swelling  bentonite  from  the  Calearth  deposit.  The  clay 
averages  about  16  feet  in  thickness,  strikes  N.  70°-85°  E., 
and  dips  10°-12°  N.  (Norman  and  Stewart,  1951,  p.  98). 
The  deposit  is  overlain  by  10  to  20  feet  of  late  Tertiary 


or  Pleistocene  basalt.  The  dip  of  the  clay  beds  and  the 
volcanic  cap  necessitate  underground  mining  of  the 
greater  portion  of  the  deposit.  Room-and-pillar  type  of 
mining  is  employed.  The  clay  is  believed  to  be  derived 
from  tuff  beds  that  have  been  altered  by  hypogene  solu- 
tions. The  deposit  is  California's  principal  source  of 
adsorbent  clay.  The  clay  is  naturally  adsorbent,  but  is 
further  treated  (activated)  before  use. 

In  southern  San  Benito  County,  a  bentonite-bearing 
zone  crops  out  for  12  miles  along  the  southwest  flank  of 
the  Vallecitos  syncline.  This  zone,  which  contains  both 
swelling  and  non-swelling  bentonite,  is  near  the  base  of 
the  Kreyenhagen  formation  (Eocene)  which  is  underlain 
by  the  middle  Eocene  Domengine  (Yokut)  formation 
and  overlain  by  the  Temblor  formation  (middle  Mio- 
cene). The  bentonite  beds,  of  which  there  are  at  least 
four,  are  steeply  dipping  and  each  it  about  50  feet  thick. 
Only  one  thin  bed  of  bentonite  has  been  noted  on  the 
northeast  flank  of  the  syncline.  The  clay  has  been  mined 
b.v  open  pit  methods  (C.  W.  Jennings,  personal  com- 
munication, 1956). 

Bentonite  also  has  been  mined  at  several  other  locali- 
ties in  California,  including  Death  Valley  Junction, 
Tecopa  and  Kearsarge  in  Inyo  County;  near  Johannes- 
burg, San  Bernardino  County ;  near  McKittrick,  Kern 
County ;  and  at  Otay  in  San  Diego  County. 

At  Hector,  in  central  San  Bernardino  County,  is  a  de- 
posit of  hectorite,  a  unique,  high-magnesia,  low-silica, 
swelling  bentonite  which  contains  about  one  ])ercent 
lithium.  Hectorite,  although  differing  in  chemical  compo- 
sition from  Wyoming  bentonite,  has  similar  physical 
properties.  The  clay  is  thouglit  to  be  derived  from  a  basic 
tuft'  or  flow  and  lies  in  a  sequence  of  folded  and  faulted 
lake  beds  of  probable  late  Tertiary  or  Quaternary  age. 
The  lake  beds  are  unconformably  overlain  by  basalt, 
probably  of  Recent  age,  which  originated  from  the 
nearby  Mount  Pisgah  volcano.  The  Baroid  Sales  Division, 
National  Lead  Companj-  and  tlie  Inerto  Comjiany  oji- 
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Figure  7.  Little  Antelope  Valley  clay  deposit.  Mono  County.  High-grade  clay  is  being  mined  by  Huntley  Industrial  llinerals,  Inc. 
A,  Present  working  face  near  east  side  of  Little  Antelope  Valley.  Most  of  the  hill  is  underlain  by  clay.  Photo  hy  Mary  Hill.  B,  Working 
face  showing  relic  bedding  of  altered  tuff. 

alteration  along  steeply  dipping  fractures  in  Tertiary 
rhyolite.  The  altered  zones  are  a  few  feet  to  several 
hundred  feet  wide  and  up  to  1,000  feet  long.  The  rhyo- 
lite strikes  northward  and  dips  15  degrees  to  30  degrees 
westward  and  is  overlain  by  a  thin  veneer  of  alluvium. 
The  clay  contains  masses  of  partly  altered  to  nearly 
fresh  rhyolite  which  need  not  be  sorted  out  in  tlie  min- 
ing. The  clay  is  mined  by  open  pit  methods.  It  is  blasted 
and  bulldozers  are  used  to  separate  the  ore  from  waste. 
When  the  clay  is  shipped  vertical  cuts  are  made  through 
layered  stockpiles  to  obtain  a  nearly  uniform  grade  of 
material.  The  clay  is  used  with  talc  in  wall  tile  but  a 
small  amount  goes  into  pottery  and  sanitary  ware 
("Wright,  et  al.,  1953,  p.  156).  Similar  deposits  of  clay 
occur  in  Jawbone  Canj^on  in  Kern  County. 

In  the  southeastern  part  of  Mono  County,  near  Little 
Antelope  Valley,  a  high-grade  kaolin  deposit  is  being 
mined  by  Huntley  Industrial  Minerals  Incorporated.  The 
clay  appears  to  be  derived  from  tuff  bj^  hydrothermal 
alteration  along  normal  faults.  Pleistocene  lake  beds  and 
later  volcanic  ash,  from  a  few  feet  to  a  few  tens  of  feet 
thick,  overlie  the  clay.  The  clay  deposits  is  nearly  flat- 
lying  and  it  ranges  in  exposed  thickness  from  a  few 
feet  to  about  twenty-five  feet  at  the  Huntley  mine.  The 
clay  zone  is  discontinuously  exposed  throughout  an  area 
of  about  two  square  miles  and  is  cut  by  numerous  normal 
faults  of  small  displacement.  Open  pit  methods  are  used 
to  mine  the  clay. 

UTILIZATION    AND   CHARACTERISTICS  OF 
INDUSTRIAL  CLAYS 


erate  adjacent  underground  mines  in  the  Hector  area. 
In  the  pa.st,  open  pit  mining  was  practiced.  Most  of  the 
hectorite  output  has  been  used  in  oil  well  drilling  muds. 
Since  1952,  the  Inerto  Company  has  been  beneficiating 
the  hectorite  in  centriclones  and  has  sold  the  product 
for  special  uses  in  the  pharmaceutical  and  beverage  in- 
dustries (Wright,  et  al.,  1953,  pp  157-160). 

Other  Deposits 

The  Hart  area  of  the  Castle  Mountains  in  eastern  San 
Bernardino  County  has  yielded  more  than  200,000  tons 
of  clay  since  mining  operations  began  in  the  early  1920 's. 
The  clay  material  appears  to  consist  at  least  partly  of 
montmorillonite.  The  clay  was  formed  by  hydrothermal 


Physical  Properties 

From  a  commercial  point  of  view,  the  more  important^ 
ph3-sieal  properties  of  a  clay  material  include  plasticily, 
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i  green  strength,  dry  strength,  and  drying  shrinkage. 
'  These  are  referred  to  collectively  as  plastic  properties. 
Clays  possessing  good  plastic  properties  are  termed  "fat 
clays,"  and,  conversely,  clays  lacking  plasticity  are 
called  "lean  clays."  According  to  one  definition,  plastic- 
ity is  that  property  which  allows  a  material  to  be  de- 
formed without  rupturing.  The  degree  of  deformation 
and  the  stress  necessary  to  cause  a  material  to  deform 
are  n^easures  of  the  plasticity  of  a  clay  material.  De- 
formation occurs  by  means  of  the  movement  of  clay 
mineral  particles  with  respect  to  each  other,  and  takes 
place  in  the  molecule-thin  water  film  between  the  parti- 
cles. Green  strength  is  the  strength  of  the  clay  material 
in  a  moistened,  plastic  state.  Dry  strength  is  the 
strength  of  the  clay  after  it  has  been  dried.  Shrinkage 
is  the  loss  in  volume  of  a  clay  when  it  dries. 

The  plastic  properties  of  clay  material  are  functions 
of  the  ratio  of  clay  minerals  to  other  constituents,  as 
well  as  the  strength  of  the  bonding  forces  between  clay 
mineral  particles  and  between  them  and  the  other  con- 
stituents. The  bonding  forces  in  turn  are  determined  by 
the  strength  of  the  electrostatic  charges  which  exist  at 
the  surfaces  of  the  clay  mineral  particles,  and  by  the 
size  and  charge  of  the  ions  adsorbed  on  the  particle  sur- 
faces. These  electrostatic  surface  charges  are  inherent 
in  the  structure  of  the  clay  mineral. 

Theoretically,  a  complete  chemical  and  mineralogical 
analysis  should  be  sufficient  to  predict  the  ceramic  prop- 
erties of  a  clay  material;  and,  in  practice,  chemical  an- 
alyses are  useful  in  predicting  and  explaining  observed 
firing  properties.  However,  because  of  the  lack  of  quanti- 
tative data  that  show  relationship  between  the  plastic 
properties  and  the  clay  mineral  content,  these  proper- 
ties can  only  be  roughly  predicted  from  a  knowledge  of 
the  clay  mineralogy. 

These  generalizations  refer  to  clay  material  composed 
entirely  of  clay  minerals.  Impurities  such  as  carbo- 
naceous matter  and  perhaps  free  silica  and  iron  oxide 
apparently  affect  the  plastic  properties  of  clay  material, 
but  in  a  way  that  is  as  yet  not  well  understood. 

Ceramic  clays  in  the  natural  state  are  white,  gray- 
white,  yellow,  brown,  blue,  green  or  red,  or  show  gradua- 
tions between  these  colors.  They  range  in  hardness  from 
1  to  2.5  and  occur  in  granular  to  earthy  masses  and 
locally  are  scaly  or  platy.  Specific  gravity  is  variable 
depending  on  impurities;  pure  kaolinite  ranges  from 
2.60  to  2.63.  The  melting  of  pure  kaolinite  begins  at 
about  2820°  P  and  is  completed  at  about  3360°  F,  but 
impurities  which  are  normally  present  lower  these 
values.  The  fusing  point  ranges  from  about  1830°  F  for 
low-grade  clays  to  as  high  as  2550°  F  for  refractory 
clays. 

Chemical  Properties 

Cla3^s  show  a  wide  range  in  chemical  composition.  This 
can  be  attributed  to  a  mixing  of  two  or  more  clay  min- 
erals, the  presence  of  mechanically  admixed  impurities, 
and  absorption  and  adsorbtion  of  ions.  The  chemical 
properties  of  a  clay  also  are  influenced  by  the  nature 
and  amounts  of  impurities  present. 

Silica  (SiOo)  is  present  in  most  clays  as  sand  grains 
or,  in  some  deposits,  in  the  opaline  state.  Silica  is  gen- 
erally regarded  as  a  refractory  material  in  ceramic 
products,  but  only  if  it  replaces  stronger  fluxes.  In  im- 
pure mixtures  that  contain  a  silica  to  clay  ratio  of  less 


than  4  to  1,  the  silica  acts  as  a  flux.  The  addition  of 
silica  to  clay  mixes  helps  to  control  shrinkage  of  the 
fired  body.  Silica  promotes  plasticity  if  it  is  in  the 
colloidal  state,  but  decreases  plasticity  if  it  is  in  the 
form  of  quartz.  Silica-sand  generally  is  considered  dele- 
terious in  kaolin,  but  advantageous  in  common  clay  ap- 
plications where  shrinkage  is  an  important  factor.  Some 
of  the  naturally  occurring  silica-rich  clay  is  beneficiated 
to  remove  the  silica  or  blended  with  other  clays  to  arrive 
at  the  desired  mix. 

Finely  divided  iron-bearing  minerals,  such  as  limo- 
nite,  hematite,  siderite,  and  pyrite,  are  present  in  most 
clay  materials.  They  discolor  the  fired  products  and  also 
serve  as  a  flux.  White-burning  clays  contain  less  than  1 
percent  iron  oxide,  yellow  and  buff  clays  1  to  4  percent, 
and  red  clays  from  4  to  7  percent.  If  fired  in  a  reducing 
atmosphere,  a  clay  containing  small  quantities  of  iron 
will  be  tinged  gray,  and  a  clay  containing  more  than  4 
percent  iron  will  fire  dark  gray  or  blue.  In  a  reducing 
atmosphere  ferrous  oxide  fires  gray  to  blue  and  ferric 
oxide  cream  to  red.  The  fluxing  action  of  iron  com- 
pounds reduces  the  vitrification  temperature.  Common 
clays,  such  as  those  used  for  brick,  can  be  fired  at  low 
temperatures  (about  1650°  F)  because  they  contain 
abundant  fluxes,  notably  iron  oxides.  As  refractory 
bricks,  which  are  used  to  resist  high  temperatures,  must 
be  fired  at  high  temperatures  (about  2900°  F),  they  must 
contain  a  low  percentage  of  fluxes.  Certain  iron  com- 
pounds on  heating  liberate  gases,  principally  oxygen  and 
carbon  dioxide,  which  cause  bloating  in  the  finished  body. 

The  calcium-bearing  minerals,  calcite,  plagiocase  and 
gypsum  are  generally  considered  to  be  deleterious  in 
clays.  However,  when  added  in  measured  amounts,  cal- 
cium carbonate  is  used  as  a  flux.  Calcium  carbonate  is 
generally  injurious  to  ceramic  bodies  because  it  pro- 
motes bloating  through  the  liberation  of  CO2. 

Compounds  of  sodium  and  potassium,  which  remain  in 
partly  decomposed  feldspar,  are  common  in  most 
ceramic  clays  and  are  powerful  fluxes.  Fresh  feldspar 
is  added  to  some  ceramic  bodies;  soda  feldspars  are 
more  powerful  fluxing  agents  than  potassium  feldspars 
as  the  former  fuse  at  a  lower  temperature.  Generally, 
these  minerals  are  not  pure,  but  each  contains  a  small 
percentage  of  the  other.  Compounds  of  potash  and/or 
soda  are  highly  viscous  at  the  fusing  point  and  have  a 
large  temperature  range  between  softening  point  and 
melting  point.  Material  that  has  a  high  ratio  of  alumina 
to  silica  and  low  calcium  content  vitrifies  at  a  higher 
temperature  than  material  that  has  a  low  alumina-sili.'a 
ratio  and  a  high  calcium  content. 

The  salts  K2SO4,  NaoSOi,  CaSOj,  MgSOi,  and  KAl 
(804)2,  are  common  deleterious  constituents  of  clay. 
They  go  into  solution  when  the  clay  body  is  wet  and 
deposit  a  white  coating  on  the  surface  either  during 
dryiiig,  firing,  or  in  the  wall. 

Carbonaceous  material  is  common  in  many  clays  and 
will  give  the  raw  clay  a  gray  or  black  color.  However, 
this  material  readily  burns  out  on  firing  (900°  F  to 
1650°  F)  and  although  it  may  cause  difficulties  in  the 
firing  process,  it  is  not  generally  considered  an  injurious 
impurity. 

The  pH  tests  on  kaolinite  group  minerals  show  a  range 
of  about  5  to  7,  making  them  slightly  acid  as  compared 
with  montmorillonites  which  are  generally  alkaline. 
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Tahle  4-     Preliminarp  field  tests  for  clay. 


Properties 


Physical  properties 
1.  Odor 


2.  Color 

a.    White,   buff  and 
gray 


b.    Keds,  browns 
greens  and  yellow; 
3.  Hardness 


4.  Texture - 


5.  Plasticity  and 
shrinkage 


6.  Swelling, 


Chemical  properties 
1.  Impurities 

a.    Iron 


b.    Calcium 

carbonate 


c.    Soluble  salts - 


d.    Sand. 


Breathe   heavily   on 
the  sample 

Observe  natural  color 


Observe  natural  color 

Check  pressure 
necessary  to 
scratch  the  dry 
sample 


Observe  presence  of 
pisolitic  or  oolitic 
structures* 

Rub  moist  clay  be- 
tween the  fingers 


Slowly  add  finely  di- 
vided clay  to 
water 


Heat  a  small  sample 
of  clay  over  a  gas 
flame 


Place  a  few  drops  of 
dilute  hydrochloric 
acid  on  the  clay 
sample 


Taste  the  clay  and 
observe  the  out- 
crop  in   the    field 


Check   sampling   by 
rubbing  between 
the  teeth 


Remarks  and  possible  industrial 

applications     (other    properties 

being  favorable) 


Clay  will  generally  give  a  musty 
odor. 

Refractories ;  ceramic  white- 
wares;  heavy  clay  products; 
filtering;  filler  in  rubber,  pa- 
per and  chemicals. 

Pigment;  heavy  clay  products; 
drilling  mud;  decolorizor. 

Requires  considerable  pressure. 
Light  color:  High  grade  ce- 
ramic ware  and  refractories. 
Dark  color:  Heavy  clay  prod- 
ucts and  refractories. 
Hard  clays  tend  to  lack  plas- 
ticity. 

Requires  little  pressure.  Very 
light  color;  whitewares;  paper; 
rubber;  chemicals.  Dark  color: 
drilling  mud;  filler;  some 
ceramic  uses. 

May  indicate  bauxite  type  clay 
that  may  be  suitable  as  a 
refractory  or  as  a  source  of 
alumina. 

Plastic  clays  can  be  worked 
into  a  definite  shape  and  re- 
tain this  shape  after  drying 
and  without  cracking. 

Certain  bentonitic  clays  will 
swell  many  times  their  original 
volume,  forming  a  gel.  They 
may  be  used  as  a  binder  in 
foundry  sands  and  in  drilling 
muds,  but  are  not  in  general, 
suitable  for  ceramics. 


Clays  containing  from  3  to  4 
percent  iron  or  more  will  turn 
red  or  brown  and  are  not 
suitable  for  refractories  or 
whitewares. 

If  the  clay  contains  appreciable 
calcium  carbonate,  the  sample 
will  effervesce. 

Clay  containing  a  high  per- 
centage of  lime  is  not  suit- 
able for  ceramic  applications. 

A  bitter  taste  may  indicate 
alum  or  epsom  salts.  The 
presence  of  soluble  salts  can 
be  detected  on  the  outcrops 
as  a  white  coating.  Finished 
bricks  made  of  clay  high  in 
these  salts  will  have  a  white- 
washed appearance  which  is 
generally  undesirable. 

Sandy  clays  will  feel  gritty.  If 
the  clay  is  composed  of  50 
percent  or  more  of  sand  it 
may  be  possible  to  use  it 
directly  for  common  brick. 
Some  of  the  best  quality  fire 
clays  contain  high  percent- 
ages of  sand  (90%  or  more  in 
some  cases)  and  still  can  be 
separated  and  marketed  at  a 
profit.  Very  light  colored  clays 
with  very  little  sand  are 
suitable  for  fine  ceramic 
whitewares. 


*  Spherical  or  ellipsoidal  structures. 

Testing 

Clays  for  use  in  whiteware,  china  and  earthenware 
bodies  are  thoroughly  tested  because  they  must  meet  ex- 
acting service  and  esthetic  requirements.  The  following 
procedure,   taken  from   Brandt    (1956,   p.    145)    briefly 


summarizes  the  testing  procedure  followed  in  modern 
clay  plants.  Unfired  test  bars  of  the  sample  are  checked 
for  color  and  dry  strength.  During  firing,  the  maturing 
range  at  different  temperatures,  and  the  amount  of 
spotting  impurities  are  noted.  If  this  series  of  tests  is 
favorable,  a  laboratory  body  is  made  of  the  material  and 
the  workability  noted.  The  laboratory  body  is  then  fired 
and  the  casting  rate,  dry  strength  and  shrinkage,  fired 
strength  and  shrinkage,  absorption  and  the  fired  color 
with  different  glazes  is  determined.  Thermal  shock  and 
chipping  tests  provide  data  on  glaze  fit.  If  the  labora- 
tory study  is  promising  then  the  material  is  tested  in  a 
jigger  body  and  the  same  tests  repeated.  On  passing 
these  tests,  a  pilot  batch  is  tried  in  the  plant  under  rigid 
control  and  the  resulting  ware  carefully  checked  for 
appearance,  fired  color,  absorption,  glaze  fit,  glaze  blis- 
tering and  chipping  resistance. 

In  addition,  clay  to  be  used  in  tile  bodies  is  closely 
checked  for  cleanliness,  pressing  characteristics  and  wet 
and  dry  strength.  Post-firing  tests  include  shrinkage, 
warpage,  wedging,  glaze  color,  autoclave  resistance, 
thermal  shock  resistance,  modulus  of  rupture,  adsorp- 
tion and  cutting  characteristics. 

The  refractoriness  of  a  clay  is  determined  by  the  Pyro- 
metric  Cone  Equivalent  test,  which  is  one  of  the  most 
widely  used  in  the  ceramic  industry.  The  P.C.E.  value 
is  based  on  the  fusion  point  of  the  clay  sample  tested 
under  a  specific  heating  schedule  and  compared  to  the 
fusion  points  of  cones  made  from  standard  clay.  Test 
procedures  have  been  worked  out  by  both  the  Orton 
Foundation  and  American  Society  for  Testing  Mate- 
rials. According  to  the  cone  values  obtained  with  P.C.E. 
tests  a  given  clay  can  be  classified  as  to  its  relative  heat 
duty  (table  5).  P.C.E.  values  are  also  used  as  an  index 
to  the  impurities  which  invariably  affect  the  fusion 
point  (Lohman,  1956,  p.  151).  Refractory  clays  are 
further  tested  for  their  iron  content.  A  clay  with  a 
P.C.E.  as  high  as  cone  35  may  be  wholly  unusable  be- 
cause of  objectionable  color. 

Table  5.      P.  G.  E.  classification  of  refractory  clays. 


Heat  duty 


Super 

High-__ 
Medium 
Low 


Fusion  point* 


P.  C.  E. 


33  plus 

31-32 

29-30 

19-28 


1745 
1680 
1640 
1515 


3173 
3056 

2984 
2759 


*  At  a  temperature  increase  of  100"  C.  per  hour. 

As  structural  clay  is  used  mostly  in  common  and  face 
brick,  roof  tile,  floor  tile  and  sewer  pipe,  firing  color  is 
perhaps  the  most  important  property.  Dry  and  fired 
shrinkage  is  determined  as  is  the  saturation  co-efficient 
on  both  the  raw  clay  and  the  clay  mixes.  The  testing  of 
drying  characteristics,  although  somewhat  empirical, 
gives  a  relative  evaluation  of  the  color  and  cracking 
properties.  Low  strength  and  excessive  loss  in  handling 
is  expected  of  ware  with  a  low  modulus  of  rupture  and 
therefore  this  property  is  generally  tested.  In  addition, 
sewer  pipe  is  tested  for  hydrostatic  resistance  and  per- 
meability. 


Clay — Cleveland 
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KAOLIN     BENEFICIATION 
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I'uiUBE  8.     Flow  sheet  for  typical  kaolin  beneficiation  plant.  Modified  after  Olive  and  Shi-eve,  1947,  in  Chemical  Engineering  Floic  Sheets. 

Published  by  permission  of  McGrav-HiU  Book  Company. 


The  properties  of  bentonite  are  difficult  to  evaluate  on 
nil  absolute  basis  and  therefore  are  held  to  few  industry- 
wide specifications.  These  clays  are  grenerally  compared 
w  ith  materials  already  successfully  used  in  a  given  ap- 
plication. When  other  tests  are  necessary,  Wyoming 
licntonite  is  used  as  the  standard.  Swelling  ability,  for 
ixample,  is  often  expressed  as  a  percentage  of  the 
swelling  abilit}'  of  the  Wyoming  type.  Swelling  ben- 
loiiite  used  as  drilling  mud  is  tested  for  "yield"  (bar- 
icls  of  15  eentipoise  viscosity  mud  per  ton  of  dry 
ilay),  filtration,  density,  viscosity,  gel  strength  and  sand 
'•<iiitent.  The  American  Petroleum  Institute  (1950)  has 
published  standards  for  drilling  muds.  Tests  used  for 
ivaluating  drilling  mud  can  be  found  in  Stern  (1941). 
A  summary  on  the  use  of  clay  in  drilling  fluids  has 
licen  reported  by  Larsen  (1955,  p.  269). 

Types,  Uses  and  Specifications 

Kaolin  (China  Clay).  The  term  "kaolin"'  alludes  to 
I  nearly  pure  clay  composed  of  kaolinite-gronp  minerals, 
I  lid  which  generally  contains  less  than  2  percent  alkalies 
iiid  smaller  proportions  of  iron  oxide,  lime,  magnesia 
I  lid  titanium.  Typical  chemical  analyses  of  high-grade 
kaolins  show  about  45  percent  silica,  39  percent  alumina. 
K)  percent  water  and  3  percent  impurities.  The  physical 
liroperties  of  kaolin  may  vary  appreciably,  whereas  the 
rliemical  composition  is  nearly  constant.  Kaolin  is  char- 
iicteristically  white,  but  may  be  yellow,  cream  or  slighth' 
gray  if  it  contains  appreciable  organic  matter.  The 
plasticity  of  kaolin  is  low.  It  tends  to  be  sticky  when 
wet,  soft  when  dry  and  commonly  has  a  soapy  appear- 
ance. The  dry  strength  of  kaolili  ranges  from  about  75 


to  350  psi  and  the  dry  linear  shrinkage  from  about  4 
percent  to  12  percent.  Kaolin  is  composed  of  extremely 
fine  plates  or  scales  and  when  dry  readily  crumbles  to 
a  powder  when  rubbed  between  the  fingers.  When  mixed 
with  several  times  its  volume  of  water  the  dispersed 
clay  particles  remain  in  suspension  for  many  hours  or 
even  weeks ;  the  colloidal  fraction  may  remain  suspended 
indefinitely.  The  most  common  mineral  impurities  are 
feldspar,  quartz,  and  muscovite. 

The  paper  industry  consumes  over  half  of  the  2  mil- 
lion tons  of  kaolin  that  is  produced  yearly  in  the  United 
States.  The  remainder  is  used  principally  by  the  rubber, 
refractory  and  pottery  industries.  Kaolin  is  also  used  in 
cement,  chemicals,  paint,  linoleum,  tile,  fertilizers,  cal- 
cimine, insecticides,  fillers,  absorbents,  plaster,  asbestos 
products,  and  filters. 

For  paper,  kaolin  is  used  as  a  filler  and  as  a  coating  to 
give  a  glossy  finish  to  high-quality  papers.  For  such 
coatings  kaolin  now  has  replaced  lime  and  paper-makers ' 
alum  which  formerly  were  used.  Uncoated  papers  gen- 
erally contain  from  8  percent  to  20  percent  clay  and 
coated  papers,  depending  on  the  amount  of  clay  used  in 
the  base  paper,  contains  about  30  percent.  The  glossiness 
is  caused  largely  by  the  platy  habit  of  individual 
kaolinite  crystals  which  causes  them  to  lie  flat.  Specifi- 
cations generally  require  that  90  percent  or  more  of 
the  clay  particles  be  less  than  2  microns  (.002  mm)  in 
diameter,  because  larger  particles  will  not  lie  flat  on 
the  surface.  Filler  clays  are  not  required  to  meet  such 
exacting  standards  and  may  contain  a  2  micron  plus 
fraction  of  30  percent  or  more.  Paper  coating  clays  must 
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s 


s 

.2 

1 

-a 

a 

Fire  brick,  ladle  brick,  fire  clay 
mortar,  drain  tile,  face  tile, 
pottery. 

Whitewares,  refractories,   filler 
in  paint,  rubber,  and  paper. 

Whitewares;    generally    mixed 
with  other  clays  to  increase 
strength,  bonding,  and  plastic 
iwoperties. 

Heavy  clay  products,  building 
brick,     face    brick,     paving 
brick,  drain  tile,  sewer  pipe; 
source  of  silica  and  alumina 
in  cement;  rotary  drilling  mud. 

Suspending  agent,  filtering,  de- 
colorizing, filling  agent. 

Well  drilling   muds,   binder   in 
foundry  sands,  pharmaceuti- 
cals; and  beverage  clarifica- 
tion. 

carrier,  decolorizer. 

Filtering ;  decolorizer  for  waxes, 
resins    and    petroleum    oils; 
catalyst. 

Filtering;  decolorizer  for  waxes, 
resins    and    petroleum    oils; 
catalyst. 

1 

8 

O 

1 

S 

lone  (Amador  Co.)  Alberhill 
(Orange  &  Riverside  Co.'s), 
Lincob  (Placer  Co.) 

lone  (Amador  Co.)  Alberhill 
(Orange  &  Riverside  Go's.), 
Lincoln  (Placer  Go.) 

Minor  production  reported 
from  Stanislaus  Co. 

Found  in  all  California 
counties. 

Kern.  San  Bernardino,  Inyo, 
San  Benito  and  San  Diego 
Counties. 

Hertor  (San  Bernardino  Co.), 
Death  Valley  Junction 
(Inyo  Co.),  Vallecitos  (San 
Benito  Co.),  Randsberg 
(Kern  Co.). 

Olancha  (Inyo  Co.), 
McKittrick  (Kern  Co.). 

Tecopa,  Shoshone  (Inyo  Co.), 
Trea  Pinos  (San  Benito  Co.), 
Otey  (San  Diego  Co.). 

1 

White  to 
red 

White 

White  to 
light 
crean 

Red 

d 

19-35 
32-35 
up  to  32 
up  to  19 

ni 

111 
-  1 

Highly  refractory; 
generally  plastic 

1 

1 

Swells,  forms  a  gel  or 
suspension;  high 
plasticity;  non- 
activatable. 

Significant  characteristics 

and 

chemical  composition 

Principally  silica  (40-56%) 
and  alumina  (2(M5%). 

Free  from  iron  and  alkalies 
with  total  oxide  impuri- 
ties less  than  3%.  Often 
high  in  organic  material. 

Principally  alumina  and 
silica  (high  in  ferric 
oxides  and  other  fluxes). 

Principally  alumina,  silica, 
magnesia  and  lime. 

Hiffh  in  Na.  Iftw  in  Ga      _  _ 

High  in  Ca,  low  in  Na; 
good  decolorizers 

Geologic  age 

of  principal 

deposits 

Paleocene 
Eocene 

Paleocene 
Eocene 

Paleocene 

Eocene 

Mesozoic  to 
Recent 

Late  Tertiary 
to  Recent 

' 

Residual  and  sedimentary 
(some    deposits    derived 
by  hydrothermal  altera- 
tion) 

Residual  and  sedimentary 
(some    deposits    derived 
from  hydrothermal  alter- 
ation). 

Residual  and  sedimentary 
(some    deposits   derived 
from  hydrothermal  alter- 
ations) 

Sedimentary  (generally 
aUuvial) 

Residual  and  sedimentary 
(most    deposits   derived 
from  volcanic  ash) 
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Kaolinite  plus 
montmorillonite 

Kaolinite  and  illite.  _ 

Montmorillomte, 
beidellite,  and 
hectorite 
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also  exhibit  thixotropic  properties  and  low  viscosity  in 
water  solutions  to  give  an  even  surface  during  the  coat- 
ing process. 

Great  care  is  exercised  in  freeing  the  clay  to  be  used 
ill  paper  from  any  traces  of  foreign  matter  such  as 
sand  or  grit.  Only  a  few  thousandths  of  one  percent  by 
weight  of  material  left  on  a  325-mesh  sieve  is  tolerated. 
Preventive  measures  to  reduce  contamination  are  prac- 
ticed by  selective  mining  of  only  the  purest  grades  of 
clay,  transporting  the  clay  in  covered  hopper  cars,  fine 
screening,  wet  and  dry  magnetic  separation  of  impuri- 
ties, and  the  use  of  stainless  steel  piping  within  the 
plant  to  reduce  pipe  scale  contamination.  The  gritty  ma- 
terial that  reaches  the  coating  roll  will  become  imbedded 
ill  it  and  produce  an  uneven  surface  which  will  interfere 
with  the  printing.  Most  paper  clays  produced  domesti- 
cally must  be  bleached  to  produce  a  sufficiently  white 
product.  This  is  accomplished  with  hyposulfites  of  zinc 
(ir  calcium.  The  bleached  clay  will  give  a  brightness 
value  of  about  80  percent.  This  figure  is  determined 
From  a  brightness  meter  which  compares  the  sample  to 
a  standard  and  gives  the  brightness  value  as  a  percent- 
age of  the  standard.  Paper  clays  range  in  pH  from  about 
4  to  6  depending  on  the  inherent  pH  of  the  crude  clay 
and  the  pH  of  materials  introduced  during  processing. 
<  )nly  a  little  of  the  clay  produced  in  California  has  been 
used  in  paper.  Past  attempts  to  beneficiate  California 
fire  clay  for  paper  applications  proved  to  be  econom- 
ically unfeasible. 

Kaolin  used  in  rubber  goods  imparts  stiffening  and 
reinforcing  properties  and  improves  resistance  to  abra- 
sion. It  is  used  as  a  pigment  in  non-black  goods  and  is 
added  to  molded  rubber  articles  to  reduce  molding 
problems.  Clay  is  used  in  rubber  heels,  soles,  tiling, 
looring,  matting,  insulated  wire,  gloves,  bicycle  tires, 
-ponge,  gaskets,  toys,  adhesives,  butyl  inner  tubes  and 
iieoprene  compounds.  Such  clay  should  be  almost  free 
of  copper,  manganese  and  iron  oxides.  Small  amounts 
of  titanium,  calcium,  sodium,  magnesium  and  potassium 
oxides  can  be  tolerated.  Mica  is  detrimental  in  clay  used 
ill  small  extruded  articles  because  it  collects  on  the  inner 
surface  of  the  die.  Rubber  clay  should  pass  100  percent 
tiirough  a  100-mesh  screen  and  99.5  percent  through  a 
:i00-mesh  screen. 

The  use  of  kaolin  in  the  ceramics  industry  is  based 
primarily  on  its  high  refractory  and  white  burning 
jiroperties.  Cone  34  kaolin  is  suitable  for  all  refractory 
jiurposes ;  however,  in  many  applications  cone  32  clay  is 
sufficiently  refractory.  Kaolin  is  not  plastic  enough  to 
be  used  alone,  but  is  mixed  with  ball  clay.  This  improves 
workability  but  reduces  heat  resistance.  Ceramic  kaolin 
must  be  nearly  free  of  alkalies,  alkaline  earths,  excessive 
amounts  of  silica  and  iron  oxide  which  act  as  fluxes  and 
thus  lower  the  refractory  properties  and  discolor  the 
fired  product.  It  must  be  ground  so  that  98  percent  of 
the  clay  will  pass  a  200-mesh  screen.  Kaolin  to  be  used 
in  ceramics  is  held  to  few  industry-wide,  standard  speci- 
fications, but  the  American  Ceramic  Society  has  set  up 
tentative  standards  and  the  American  Society  for  Test- 
ing Materials  has  developed  tests  for  finished  refractory 
bodies.  The  specifications  of  kaolin  used  in  ceramic  wares 
are  largely  determined  by  the  individual  consumer  in 
view  of  his  specific  requirements. 


Kaolin  is  used  in  the  manufacture  of  glazes,  stone- 
ware, high-grade  tile,  kiln  furniture  (saggers,  pins,  and 
stilts),  art  pottery,  flower  pots,  firebrick,  fireclay  mortar, 
clay  crucibles,  glass  refractories  and  in  special  applica- 
tions in  the  steel  industry.  The  numerous  small  art  pot- 
tery and  dinnerware  manufacturers  in  the  Los  Angeles 
and  San  Francisco  areas  use  kaolin  from  Tennessee  and 
Kentucky.  The  clay  mined  from  the  Hart  deposit  in  San 
Bernardino  County,  Little  Antelope  Valley  deposit  in 
Mono  County,  the  Arnold  and  the  Schoeppe  deposits  in 
Orange  County  are  generally  given  a  commercial  classi- 
fication of  kaolin. 

Ball  Clay.  Ball  clay  burns  white  or  nearly  so,  is 
composed  of  kaolinite-group  minerals,  and  possesses 
high  bonding  power  and  high  plasticity.  It  shows  a 
marked  range  in  chemical  and  physical  properties.  Ball 
clay  is  similar  to  kaolin  in  chemical  composition,  but 
fires  less  white.  A  typical  ball  clay  contains  40  to  48 
percent  silica,  32  to  36  percent  alumina,  less  than  2  per- 
cent iron  oxide,  1  percent  lime  and  magnesia,  and  3  per- 
cent potash  and  soda.  Common  impurities  are  pyrite, 
mica,  and  free  silica  and  organic  matter.  Ball  clay  gen- 
erally contains  more  alkali  and  iron  than  kaolin ;  a  factor 
that  limits  its  refractory  properties.  Quality  ball  clay 
will  pass  a  100-mesh  screen  and  leave  little  residue  on  a 
120  or  150  mesh  screen.  The  strength  of  this  type  of 
clay  is  generally  high,  the  modulus  of  rupture  ranges 
from  150  to  500  psi  and  the  tensile  strength  from  125 
to  250  psi.  Ball  clay  exhibits  a  high  degree  of  dry  shrink- 
age, and  has  a  fired  shrinkage  of  as  much  as  12  percent. 

Ball  clays  are  used  in  ceramic  mixes  primarily  to  pro- 
vide high  plasticity  and  binding  power.  Most  white- 
wares,  pottery  and  firebrick  contain  6  percent  to  45  per- 
cent of  this  type  of  clay.  To  a  lesser  degree  ball  clay  is 
used  in  architectural  terra  cotta,  kiln  furniture,  fire 
clay  mortar,  enameling,  stoneware,  glazing,  and  in  the 
steel  industry.  Non-ceramic  applications  include  fillers, 
chemicals  and  fertilizers;  these  uses  are  minor  and  ac- 
count for  only  2  or  3  percent  of  the  ball  clay  produced 
domestically. 

Although  about  350,000  short  tons  of  ball  clay  is  pro- 
duced in  the  United  States  each  year,  California  yields 
only  a  few  hundred  tons  which  comes  from  the  Sierra 
foothill  area.  Kentucky  and  Tennessee  are  the  sources  for 
most  of  the  ball  clay  used  in  California. 

Fire  Clay.  Fire  clay  is  a  heat  resistant,  plastic  to 
non-plastic  clay  composed  principally  of  kaolinite-group 
minerals  and  commonly  associated  with  coal.  Most  clays 
with  a  P.C.E.  of  19  or  higher,  and  that  are  non-white 
burning,  are  considered  fire  clays.  In  the  unburned  state 
they  generally  are  colored  white,  black,  red,  brown,  yel- 
low, gray,  or  blue,  and  some  have  a  mottled  texture.  The 
fired  color  ranges  from  near-white  to  red.  Fire  clay  char- 
acteristically is  fine-grained  enough  to  permit  most  of 
the  particles  to  pass  a  200-mesh  screen.  Quality  fire  clays 
are  free  from  excessive  grit.  Specific  gravity  ranges  from 
2.6  to  2.75.  Although  not  as  plastic  as  ball  clays,  fire  clays 
can  generally  be  shaped.  Certain  non-plastic  fire  clays 
are  called  flint  clay.  The  chemical  compositions  of  fire 
clays  show  much  variation. 

In  typical  analj'ses,  silica  ranges  from  46  percent  to 
81  percent ;  alumina  12  percent  to  36  percent ;  iron  oxide 
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.5  percent  to  5  percent;  lime  .1  percent  to  1  percent; 
magnesia  .5  percent  to  1  percent ;  soda  plus  potash  3  per- 
cent to  5  percent  and  water,  4  percent  to  14.5  percent 
(Searle,  1950,  p.  65).  Quality  fire  clays  should  contain 
less  than  2  percent  each  of  lime,  alkalies  (some  good 
quality  clays  may  contain  5  percent  alkalies),  and  tita- 
nium oxide.  Most  fire  clays  are  richer  in  silica  than  are 
kaolins.  Numerous  impurities  are  commonly  present,  in- 
cluding :  silica  in  the  form  of  sand  and  in  the  colloidal 
and  hydrated  form,  feldspars,  hornblende,  tourmaline, 
limonite,  hematite,  pyrite,  calcite,  gypsum,  witherite, 
magnesite,  mica,  rutile,  and  carbonaceous  material. 

The  use  of  fire  clay  is  based  principally  on  its  refrac- 
tory properties  and  the  resistance  of  bodies  made  of  fire 
clay  to  corrosion  by  spalling  and  abrasion.  Fire  clay  is 
used  mostly  in  the  manufacture  of  fire  brick  and  heavy 
clay  products,  which  include :  common  brick,  face  brick, 
paving  brick,  drain  tile,  and  sewer  pipe.  Considerable 
amounts  go  into  high-grade  tile,  fire  brick  mortar,  chemi- 
cals, stoneware,  art  pottery  and  flowerpots,  architectural 
terra  cotta,  kiln  furniture  and  foundry  and  steelwork 
applications.  Minor  uses  include  zinc  retorts  and  con- 
densers, whiteware,  fillers  and  cement.  The  American 
Society  for  Testing  Materials  (Manual  of  ASTM  Stand- 
ards on  Refractory  Materials,  1943)  has  developed  nu- 
merous tests  and  specifications  for  refractory  applica- 
tions of  fire  clay. 

Most  of  the  fire  clay  produced  in  the  lone  and  Lincoln 
areas  is  used  in  the  manufacture  of  sewer  pipe  and  other 
heavy  clay  products  at  plants  at  Stockton  and  Lincoln. 
Sewer  pipe  is  made  only  by  the  large  companies  with 
plants  located  near  Los  Angeles  and  San  Francisco.  The 
greater  part  of  the  Alberhill  clays  mined  near  Los  An- 
geles, are  utilized  locally  in  making  heavy  clay  products 
principally  at  Corona,  Los  Nietos  and  Los  Angeles.  Part 
of  the  refractory  fire  clay  mined  in  the  lone  area  is  made 
into  refractory  brick  at  lone,  but  most  of  it  is  shipped  to 
Pittsburg  near  San  Francisco  for  fabrication.  Only  a 
small  amount  of  the  fire  clay  produced  in  California  is 
of  sufficient  purity  to  be  used  in  whiteware. 

The  annual  production  of  fire  clay  in  the  United 
States  amounts  to  nearly  12  million  short  tons  of  which 
California  yields  nearly  500,000  short  tons. 

Miscellaneous  Clay  (Common  Clay).  "Miscellaneous 
clay"  is  a  broad  classification  that  includes  many  types 
of  impure  clay  materials.  Raw  materials  come  princi- 
pally from  shales  and  alluvium  and  are  composed  of 
various  proportions  of  clay  minerals,  sand,  silt,  weath- 
ered rock  and  mineral  fragments  and  organic  matter. 
Most  miscellaneous  clays  are  brown  to  light  tan  in  the 
raw  state.  Their  heterogeneity  is  reflected  in  a  wide  range 
of  chemical  and  physical  properties.  Actually,  a  few  ma- 
terials in  miscellaneous  clays  can  be  classed  as  impurities, 
as  the  useful  properties  of  such  clays  stem  not  only  from 
the  clay  mineral  content,  but  also  from  other  minerals 
and  materials  present.  For  example,  sand  and  iron  oxide, 
which  act  as  impurities  in  some  other  clays,  are  desir- 
able ingredients  in  most  miscellaneous  clays.  The  sand 
reduces  plasticity  and  shrinkage  and  the  iron  oxide 
causes  a  red  fired  color.  The  grains  range  from  clay  size 
particles  to  pebbles,  and  show  a  marked  range  in  size  dis- 
tribution from  place  to  place  in  a  given  area  or  deposit. 
Soluble  salts,  principally  sulfates  of  potassium,  sodium. 


calcium  and  magnesium  and  alkali  chlorides,  alkali  car- 
bonates and  alkaline  earth  carbonates,  may  be  present  in 
the.se  clays  and  lead  to  objectionable  color  changes  on  the 
surface  of  the  finished  ware.  Although  the  effect  of  these 
salts  usually  can  be  controlled,  their  presence  in  clay  is  not 
desirable.  Limestone  fragments,  unless  finely  divided,  are 
detrimental  in  clay  used  in  fired  products  as  they  expand 
in  the  clay  body  and  react  with  mortar. 

The  United  States  produces  about  27  million  tons  of 
miscellaneous  clay  yearly  of  which  California  yields 
about  2  million  tons.  Heavy  clay  products  including  com- 
mon brick,  face  brick,  paving  brick,  drain  tile  and  sewer 
pipe,  utilize  more  miscellaneous  clay  than  all  other  uses 
combined.  Large  tonnages  are  used  by  the  Portland  Ce- 
ment industry  as  a  source  of  alumina  and  silica.  Other 
important  uses  are  in  high  grade  tile,  fire  brick,  rotary 
drilling  mud,  foundry  and  steel  work,  art  pottery  and 
flowerpots.  Minor  amounts  go  into  fertilizers,  fire  clay 
mortar,  insecticides,  and  paint. 

Brick  clay  must  be  easily  molded,  burn  at  a  low  tem- 
perature (1800°  to  1900°  F.)  and  develop  hardness  and 
strength  with  minimum  cracking  and  warping.  A  high 
sand  content  is  desirable  to  limit  shrinkage.  A  highly 
plastic  raw  clay  may  require  the  addition  of  sand  to 
reduce  the  plasticity  and  shrinkage.  Linear  shrinkage 
ranges  from  0  percent  to  about  13  percent.  Modulus  of 
rupture  varies  from  50  psi  to  1500  psi  and  the  tensile 
strength  from  about  60  psi  to  500  psi.  Maximum  particle 
size  is  generally  not  greater  than  4  mesh.  About  4  tons 
of  clay  are  required  to  make  a  thousand  standard  9-inch 
bricks.  The  chemical  analysis  of  brick  clay  is  sometimes 
useful  in  determining  the  fired  color  and  the  fusibility. 
The  wide  variation  in  composition  of  brick  clays  is  illus- 
trated by  the  following  ranges  in  chemical  constituents 
taken  from  nine  analyses  reported  by  Ries  (1927,  p. 
350): 

Range 

Silica    18.62-88.71% 

Alumina 3.23-20.62 

Ferric  iron   1.26-  6.55 

Lime     .56-41.30 

Magnesia   .11-  6.01 

Potash    trace-  5.98 

Soda    trace-  1.86 

Modified  after  Ries  (1927) 

Face  brick  requires  a  higher  grade  clay  than  common 
brick  to  assure  a  uniform  fired  color,  lack  of  warping, 
low  absorption,  and  low  content  of  soluble  salts.  The 
fired  color  ranges  from  red  to  buff.  In  chemical  composi- 
tion it  shows  less  variation  than  common  brick. 

Sewer  pipe  clay  must  yield  a  vitreous  product  of  high 
strength  and  low  porosity  and  hence  requires  a  higher 
grade  clay  than  that  used  in  common  brick.  Common 
clay,  which  lowers  the  firing  temperature,  is  mixed  with 
refractory  clay  in  proportions  that  yield  a  product  that 
is  free  from  warping  or  cracking  and  one  that  will  take 
a  salt  glaze.  Sewer  pipe  clay  is  ground  to  the  4  to  20 
mesh  size  range. 

Miscellaneous  clays  used  in  cement  should  contain  less 
than  1  percent  magnesia  and  1  percent  total  alkalies 
(soda  and  potash).  A  high  content  of  iron  and  titanium 
oxides  may  cause  pigmentation  in  the  production  of 
white  cement.  However,  iron  is  added  to  some  types  of 
cement.  Clay  used  in  cement  amounts  to  about  25  per- 
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cent  of  the  mix;  the  balance  generally  being  calcined 
limestone  (see  section  on  cement  in  this  volume). 

Miscellaneous  clays  are  mined  and  used  principally 
ill  the  large  popvilation  centers  of  Los  Angeles  and  San 
Francisco.  Common  brick  and  other  structural  products 
made  from  these  clays  are  in  demand  for  home  and  in- 
dustrial buildings.  Production  comes  from  numerous 
small  plants  as  well  as  from  the  large  integrated  plants. 
.Xearly  every  large  town  in  the  San  Joaquin-Sacramento 
Valley,  for  example,  has  a  local  manufacturer  of  com- 
mon brick. 

Bentonite.  Bentonite  is  a  rock  name  for  clay  material 
.omposed  principally  of  montmorillonite-group  minerals. 
When  mixed  with  water  certain  varieties  (swelling  ben- 
tonite) will  expand  many  times  their  original  volume, 
while  other  varieties  (non-swelling  bentonite)  show  little 
change  in  volume.  Certain  non-swelling  bentonites  when 
treated  with  acid  develop  adsorptive  properties  making 
them  useful  as  decolorizing  agents.  Fullers  earth,  which 
is  a  bentonite,  has  natural  adsorptive  properties  and 
tlierefore  can  be  used  without  acid  treatment.  Although 
activated  clays  are  more  expensive  than  fullers  earth, 
they  have  about  four  times  the  adsorptive  power. 

Bentonite  shows  a  wide  range  of  colors,  but  is  gen- 
ci-ally  cream  to  olive  green  and  sometimes  white,  yellow, 
pink,  dark  brown,  or  black.  Hardness  varies  with  the 
water  content;  dry  bentonite  has  a  hardness  of  about  2. 
Most  bentonite  is  dull,  powdery,  massive  or  earthy. 
Some  bentonites  have  a  roughly  conchoidal  or  platy  frac- 
ture, but  others  show  no  apparent  fracture.  Pure  ben- 
tonites have  a  specific  gravity  of  about  2. 

Swelling  types,  when  water-saturated,  have  a  waxy 
luster  and  much  the  same  consistency  as  soap.  Bentonitic 
^els  exhibit  thixotropic  properties  in  that  they  are  fluid 
when  shaken  and  become  stiif  on  standing.  Clay  minerals 
of  the  montmorillonite  group  are  more  plastic,  when 
mixed  with  an  optimum  amount  of  water,  than  those  of 
tlie  illite  and  kaolinite  groups.  The  high  plasticity  of 
montmorillonite  stems  largely  from  the  weak  inter- 
l)article  bonds  which  allows  water  to  penetrate  between 
the  particles — a  property  common  to  the  swelling  ben- 
tonite. The  better  grades  ordinarily  will  swell  12  to  15 
times  their  original  volume  and  some  swell  as  much  as 
:i()  times.  The  swelling  and  plastic  properties  appear  to 
be  related  to  the  presence  of  exchangeable  sodium  an'l 
calcium  ions.  Swelling  clays  generally  contain  more 
sodium  whereas  calcium  seems  to  be  the  more  abundant 
in  non-swelling  varieties.  Common  mineral  impurities 
include  feldspar,  biotite,  gypsum,  quartz,  pyroxene,  and 
zircon. 

Bentonite  is  used  principally  in  oil-well  drilling  muds, 
as  a  filtering  or  decolorizing  agent,  and  as  a  binder  in 
the  foundry  and  steel  industries.  It  is  also  used  in 
chemicals,  insecticides,  concrete,  dam  sealing  and  numer- 
ous other  minor  applications. 

The  petroleum  industry  consumes  the  largest  tonnages 
of  bentonite  principally  as  an  additive  in  oil-well  drill- 
ing mud.  Its  gel-forming  and  thixotropic  properties, 
when  it  is  mixed  with  water,  make  it  an  excellent  circu- 
lating medium  for  carrying  drill  cuttings.  Bentonite  also 
prevents  the  cuttings  from  settling  out  of  the  mud  when 
drilling  is  stopped.  Bentonite  insulates  the  hole  from 
drill  fluid  seepage  into  the  siiiTOunding  rock,   and  in 


many  instances  prevents  the  walls  from  sloughing,  making 
it  unnecessary  to  use  many  thousands  of  feet  of  expensive 
casing. 

Non-swelling  bentonite  can  be  treated  with  acid  to 
produce  a  clay  with  adsorptive  or  decolorizing  proper- 
ties. Activated  clays  will  remove  objectionable  color  from 
petroleum  products  and  will  act  as  a  catalyst  during 
the  cracking  process.  Bentonite  can  be  used  to  remove 
sulfur,  nitrogen,  sulfuric  and  sulfonic  acids,  oxygenated 
compounds  and  pitchy  materials  from  petroleum  (La- 
mar 1953,  p.  328). 

Colorants  in  vegetable,  animal  and  marine  oils,  as  well 
as  other  deleterious  substances,  such  as  chlorophyll  and 
peroxides  in  vegetable  oils,  can  be  removed  effectively  by 
activated  bentonite. 

The  foundry  industry  utilizes  bentonite  as  a  binder 
in  foundry  sands.  Foundry  sand-bentonite  mixtures  are 
tested  for  green,  dry,  and  hot  compression  strength, 
moisture,  grain  size,  and  green  permeability.  Plasticity 
or  bonding  power  is  the  most  critical  property  and  is 
related  to  the  base  exchange  capacity  of  the  clay.  Speci- 
fications can  be  found  in  the  "Foundry-sand  testing 
handbook"  published  bj-  the  American  Fonndrymen's 
Association  (1945). 

High-grade  swelling  bentonites  are  used  for  beverage 
clarification  and  stabilization  in  the  Los  Angeles  and 
San  Francisco  areas.  Special  types  are  sold  outside  the 
state  for  use  in  pharmaceutical  products.  Bentonite 
mined  in  San  Benito  and  Inyo  Counties  has  been  used 
locally  for  sealing  canals  and  earth-filled  dams.  Small 
tonnages  of  bentonite  from  the  Mojave  Desert  have  been 
used  for  a  binder  in  foundry  sands  but  most  of  this  type 
of  clay  is  shipped  into  California  and  used  principally 
in  the  Los  Angeles  and  San  Francisco  areas.  Large  ton- 
nages of  high-quality  swelling  bentonite  are  brought 
into  California  from  Wyoming  for  use  in  oil  well  drill- 
ing mud.  California's  annual  production  amounts  to 
about  2500  short  tons  of  bentonite.  Total  U.  S.  produc- 
tion is  nearly  1|  million  short  tons  per  year. 

Fullers  Earth.  FiiUers  earth,  a  non-swelling,  natu- 
rally adsorptive  bentonite,  consists  mo.stly  of  montmo- 
rillonite-group minerals,  but  kaolinite  and  illite  are 
commonly  present.  Impurities  include  hydrous  silica, 
calcite,  volcanic  ash  and  sand.  Fullers  earth  is  commonly 

Table  7.     Chemical  analyses   of   bentonite  and  fullers   earth   from 

deposits  in  California.  Analyses  IS  from  Latnar  (ISoS,  p.  320), 

-'l-5  from  Ross  and  lienricks  (li)Jt'>,  p.  Si>). 


(1) 
Percent 

(2) 
Percent 

(3) 
Percent 

(4*) 
Percent 

(5) 
Percent 

SiOj 

AliOj 

FeaOa 

58.63 
12.76 
5.92 
0.03 
3.39 
1.21 
1.65 
0.91 
0.47 
9.33 
5.74 

61.50 

14.37 
1.36 

trace 
4.26 
0.15 
0.42 
0.62 
0.08 

10.11 
6.80 

45.62 
8.43 
0.57 

trace 

21.89 
3.14 
0.67 
0.72 
0.19 

11.93 
5.27 

55.86 
.13 
.03 
none 
25.03 
trace 
.10 
2.68 
none 
9.901 
2.24/ 

50.30 

15.96 

.86 

MnO 

MkO 

CaO 

KjO 

6'53 

1.24 

.45 

NajO            -   

1.19 

Ti02 

HzO-           -   

23.61 

HiO-l- 

( 1 )  Fullers  earth,  Caleartli  deposit,  Inyo  County. 

(2)  Fullers  earth,  Muroc  deposit,  Kern  County. 

(3)  Saponite,  Death  Valley  Junction,  Inyo  County. 

(4)  Hectorite,  Hector,  San  Bernardino  County. 

(5)  Montmorillonite,  Otay,  i5an  Diego  County. 
*  LIO — 1.05  percent;  F — 5.96  percent. 
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FitiLHL  :i.      Ciiltaiil.   lullfi.s  eaith  deposit  near  Olaiicha,  Inyo  County.  Photo  by  Vharles   U'.  Jennings. 


pale  green,  gray,  brown,  cream  or  buff.  It  is  generally 
non-plastic  but  some  types  are  semi-plastic. 

The  alumina-silica  ratio  of  adsorbent  clay  ranges  from 
1:2  to  1:8  (Lamar,  1953,  p.  303).  A  high  ratio  com- 
monly indicates  high  adsorptive  capacity.  Apparent 
acidity  in  water  also  is  used  as  an  index  to  adsorptive 
capacity  if  the  clay  contains  no  soluble  salts.  Some  clays 
require  from  10  to  150  cc.  of  O.IN  NaOH  to  neutralize  a 
100  gram  sample  (Lamar,  1953,  p.  303).  The  adsorp- 
tive ability  of  the  clay  removes  bases  from  solution 
(base  exchange),  resulting  in  a  lowering  of  pH.  Adsorp- 
tive capacity  is  both  a  chemical  and  physical  process. 
Although  this  process  is  imperfectly  understood,  the 
material  being  adsorbed  apparently  undergoes  a  chemi- 
cal change  at  the  surface  of  the  clay  particle  and  be- 
comes tightly  held  by  both  a  physical  and  chemical 
bond.  As  a  measure  of  adsorptive  capacity  Mantell 
(1945,  p.  53)  estimates  that  one  cubic  foot  of  fullers 
earth  could  adsorb  0.6  pounds  of  lime. 

Fullers  earth  is  used  principally  as  a  decolorizer  in 
the  bleaching  of  petroleum  products  and  as  a  catalyst 
in  vegetable,  animal  and  marine  oils,  and  in  oil-well 
drilling  mud,  filtering,  insecticides  and  fungicide  car- 
riers, fillers,  water  softeners,  ceramics,  cements,  ferti- 
lizers, molding  sands  and  adsorbent  carbon. 

Tests  and  specifications  for  the  different  uses  of 
fullers  earth  are  largely  empirical.  In  general,  a  clay 
will  be  tested  for  adsorptive  power  in  relation  to  the  type 
of  material  being  treated.  A  clay  exhibiting  high  ad- 


sorptive power  with  one  type  of  oil  may  be  wholly 
unsuitable  for  another  type.  Pullers  earth  ordinarily  is 
ground  to  three  sizes:  material  passing  15  mesh  and 
retained  on  30  mesh,  through  30  on  60  mesh  and  through 
60  on  80  mesh.  Freedom  from  fines,  which  would  inhibit 
percolation,  also  is  specified.  Other  desirable  properties 
are  minimum  adsorption  of  oil  by  the  clay,  reusability 
of  spent  clay  after  suitable  treatment,  and  freedom  from 
odor  or  taste  that  may  be  introduced  into  the  oil 
(Ladoo  and  Myers,  1951,  p.  238).  A  recent  detailed  dis- 
cussion of  fullers  earth  and  other  materials  used  as 
catalysts  in  petroleum  cracking  is  given  by  Milliken, 
et  al.  (1955,  p.  314).  Common  substitutes  for  fullers 
earth  in  bleaching  oils  are  activated  bauxite,  .synthetic 
magnesium  silicate  and  activated  bontonite.  Diatomite 
competes  in  filter  applications. 

The  fullers  earth  mined  in  the  Owens  Valley  region 
is  used  in  adsorbent  applications  for  deodorizing  and 
decolorizing  mineral  and  vegetable  oils  in  the  Los  An- 
geles and  San  Francisco  areas.  In  recent  years  about 
10,000  short  tons  of  fullers  earth  is  produced  annually 
in  California.  California  imports  large  tonnages  of 
bentonitic  clays  from  deposits  in  Nevada  and  Arizona. 
Total  United  States  production  amounts  to  about  one- 
half  million  short  tons. 

Mining  Methods  and  Treatment 

Clay  is  mined  in  the  United  States  by  four  principal 
methods:  open  pit,  underground,  hydraulicking  and 
dredging.  Open  pit  mining  is  the  most  widely  used.  If 
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PRINCIPAL        CLAY         DEPOSITS 
IN      CALIFORNIA 


Miscellaneous    clay    {  includes  common  brick  cloy, 
oil-well   drilling   mud,  etc.  ) 


Fire   day    (  includes   koolin,  ball  cloy,  etc.  ) 
Bentonific    cloy    (  includes  fullers  eorth  ) 


lONE-LINCOLN     AREA     cloy    deposits    con^ned 
(0    middle    Eocene    lone    formation 


SAN     FRANCISCO 
METROPOLITAN   AREA 
High    development  of 
common    cloy    deposifs 
directly    related   to 
population     density 

SAN   FRANCISCO 


TESLA     AREA 

day    deposits    confined 

to     middle    Eocene   Tesia    formation 


LOS    ANGELES     METROPOLITAN     AREA 
High    development    of    common    day    deposits 
directly    related    to  population    density 


ALBERHILL  -  NORTH     SANTA     ANA     MOUNTAINS    AREA 
clay    deposits   confined    to    Paleocene  (?l  Silverado  formation 


Figure  10. 
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the  clay  is  of  sufficient  value  and  the  cost  of  removing 
overburden  becomes  excessive,  underground  mining  is 
practiced.  Only  under  special  conditions  is  clay  recov- 
ered by  hydraulicking  or  dredging. 

In  California,  open  pit  methods  are  used  almost  ex- 
clusively. The  overburden  is  stripped  off  and  the  clay 
removed  by  dragline  buckets,  power  shovels,  tractor 
shovels,  bulldozers,  or  scrapers.  Skip  loaders  and  other 
power  loaders  transfer  the  clay  to  bins  or  stockpiles  for 
storage  or  directly  into  trucks  where  it  is  moved  to  the 
railroad  or  directly  to  the  plant.  In  mining  common 
clay,  little  or  no  overburden  can  be  moved.  In  mining 
some  deposits  of  high-grade  ceramic  clay,  tens  of  feet 
of  overburden  are  removed  to  reach  a  relatively  thin 
clay  bed.  In  California,  the  ratio  of  thickness  of  over- 
burden to  thickness  of  clay  may  be  as  high  as  7.5  to  1. 
In  the  lone  area  of  Amador  County  this  ratio  is  gen- 
erally in  the  range  of  1 :15.  The  cost  of  mining  clay 
varies  in  different  parts  of  the  state,  according  to  the 
type  of  mining  method  used,  the  type  of  equipment 
available  and  the  size  of  the  operation.  To  strip  and 
mine  fire  clay,  by  means  of  the  most  modern  (1956) 
techniques,  costs  about  25  cents  a  short  ton  in  the  lone 
area.  In  many  deposits  different  beds  are  selectively 
mined  by  benching.  As  clay  plants  in  California  com- 
monly blend  clays  from  different  deposits  or  different 
clays  from  the  same  deposit,  great  care  is  exercised  in 
keeping  the  various  types  separated  during  the  mining 
operation.  In  some  operations,  hand  methods  are  used. 
Seldom  is  blasting  necessary  in  California  mines ;  when 
needed,  25  percent  or  40  percent  dynamite  is  used. 

The  larger  clay  companies  conduct  organized  drilling 
programs  prior  to  and  during  the  mining  operations. 
Such  data  as  thickness  of  overburden,  thickness  of  clay, 
dip  of  the  clay  bed  or  beds,  quality  and  quantity  of  clay 
and  limits  of  economic  recovery  often  can  be  determined. 
Churn  drills  or  soil  augers  are  commonly  used  for  this 
work. 

Underground  as  well  as  open  pit  mining  has  been 
practiced  at  the  heetorite  mines  in  San  Bernardino 
County,  at  the  Calearth  fullers  earth  deposit  in  Inyo 
County,  and  at  the  Claymont  mines  in  Orange  County. 
Until  the  mid-1940 's  clay  was  recovered  underground  at 
the  Edwin  mine  near  lone,  Amador  County. 

Few  clays  are  marketed  to  the  consumer  without  some 
type  of  previous  treatment.  This  may  consist  only  of 
grinding,  as  with  common  clay,  or  may  involve  elaborate 
processing  such  as  the  removal  of  impurities  in  the 
preparation  of  paper  clay.  The  general  procedure  for 
the  treatment  of  high-grade  ceramic  clays  includes  dry- 
ing, grinding  and  screening.  If  such  materials  as  quartz, 
mica,  and  feldspar  are  to  be  removed,  a  slurry  of  clay 
and  water  is  passed  through  inclined  troughs  where  the 
coarser  material  is  removed.  Mica  is  recovered  in  longer, 
more  gently  inclined  troughs  and  on  screens.  The  slurry 
is  sent  to  settling  tanks  where  the  clay  is  removed  as  a 
thick  claj'-water  mixture.  The  suspension  is  transferred 
to  an  agitator,  then  filtered  and  the  filter  cake  dried.  The 
most  modern  plants  employ  vibrating  screens,  concen- 
trating tables  and  jigs,  classifiers,  and  flotation  tech- 
niques to  remove  impurities.  Deflocculating  agents  com- 
monly are  added  to  speed  the  settling  of  the  cla.y.  Ben- 
tonitie  clays  are  crushed,  watered,  dried,  ground  and  air 
classified.  High-grade  types  are  put  through  centriclones 


to  remove  calcite,  dolomite  and  other  impurities.  Acti- 
vated clays  are  treated  with  acid  to  improve  their 
adsorptive  capacity  and  some  naturally  active  fullers 
earth  may  also  be  improved  by  this  method. 

One  plant  in  California  is  separating  and  marketing 
both  sand  and  clay  from  a  deposit  in  the  lone  formation 
and  a  second  plant  is  nearing  completion.  The  Pacific 
Clay  Products  Company  sand  plant  at  Camanche,  Cala- 
veras County,  plans  to  recover  sand  and  clay  from  the 
upper  member  (?)  of  the  lone  formation.  Although  the 
company  is  still  experimenting  with  equipment,  the  fol- 
lowing flow  of  material  through  the  plant  will  be  gen- 
erally followed :  A  sand-clay  slurry  is  pumped  to  the 
plant  from  adjacent  pits  where  a  portion  of  the  clay  is 
removed  by  desliming  cones.  The  slurry  is  pumped  to 
attrition  scrubbers  and  through  screens  to  a  classifier 
where  additional  clay  and  fines  are  removed.  It  is  then 
pas.sed  through  flotation  cells,  where  the  heavy  minerals 
are  removed  by  a  second  classifier  and  in  which  the  third 
clay  separation  is  accomplished.  The  clay-free  sand 
slurry  is  then  filtered,  dried,  and  iron  is  removed  by 
magnetic  separators.  Clay  comprises  only  a  small  por- 
tion of  the  processed  material. 

A  similar  plant  for  the  simultaneous  recovery  of  sand 
and  clay  is  being  operated  jointly  by  Owens-Illinois 
Glass  Company  and  Gladding,  McBean  and  Company 
near  lone  in  Amador  County.  However,  here  the  sand 
and  clay  fractions  are  more  nearly  equal,  as  the  crude 
mixture  contains  about  60  percent  sand  and  40  percent 
clay. 

Markets  and  Prices 

Most  of  the  commercial  clay  deposits  in  California 
are  owned  or  leased  by  the  companies  that  manufacture 
clay  products.  This  is  especially  true  of  the  lower-  and 
intermediate-grade  clays  used  in  common  ceramic 
products.  It  is  less  true  for  the  high  grade-clays  mined  in 
limited  amounts  for  specialized  applications. 

The  independent  owner  of  a  clay  deposit  has  the 
choice  of  leasing  or  selling  his  property  or  mining  and 
marketing  the  clay  himself.  When  a  property  is  leased 
or  sold  the  price  is  negotiated  on  the  basis  of  nearness 
to  transportation  and  market ;  mining  cost ;  quality, 
amount  and  type  of  clay ;  uniformity  of  deposit,  and  on 
the  immediate  and  future  needs  of  the  purchasing  com- 
pany. When  a  property  is  leased,  contracts  often  call 
for  a  set  yearly  payment  and  a  royalty  on  each  ton 
produced.  In  mining  a  deposit,  the  small  producer  is 
faced  with  the  problem  of  selling  his  clay  to  a  highly 
competitive  and  nearly  captive  market  without  enjoying 
the  economies  of  large-scale  production.  Unless  the  clay 
in  a  given  deposit  has  unique  properties  useful  in  some 
specialized  industrial  process  or  is  of  extremely  high 
quality,  it  will  ordinarily  be  difficult  for  an  individual 
to  develop  and  market. 

Transportation  cost  is  a  critical  factor  in  clay  pro- 
duction where  the  point  of  consumption  is  not  near  the 
deposit.  Many  clay  deposits  in  California  are  uneconomic 
because  of  their  inaccessibilit.y  to  low-cost  transportation. 
The  distance  a  clay  can  be  transported  is  related  directly 
to  its  value.  For  example,  common  clay  used  for  brick 
must  be  mined  and  fabricated  at  the  same  location 
whereas  fine  English  china  clay  can  be  shipped  through- 
out the  world.  In  California,  the  clay  producer  nnist 
also  consider  the  distance  the  finished  product  must  be 
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shipped  to  market.  The  Los  Angeles  and  San  Francisco 
May  areas  are  the  principal  marketing  centers  and  clay 
plants  are  generally  located  in  the  immediate  vicinity. 

The  transportation  cost  for  a  typical  large  scale  clay 
ojjeration  in  California  is  abont  4  cents  per  ton-mile, 
including  loading  and  unloading.  Rail  costs  are  between 
I  and  2  cents  per  ton-mile  exclusive  of  loading  and  un- 
loading. In  1956,  the  freight  rate  to  ship  Georgia  kaolin 
by  rail  to  either  Los  Angeles  or  San  Francisco  was  about 
;t;20  a  short  ton  in  40  ton  lots.  Ball  clay  from  Kentucky 
is  shipped  for  about  $17  per  short  ton  in  50-ton  lots. 

Mine  owners  who  wish  to  sell  their  clay  or  to  lease  or 
sell  their  deposit  should  send  representative  samples  to 
the  principal  clay  companies  for  consideration.  Included 
with  the  samples  should  be  such  information  as :  location, 
size,  and  uniformity  of  the  deposit;  approximate  dip  of 
the  clay  bed ;  thickness  of  overburden ;  transportation 
facilities,  including  distance  to  nearest  railhead,  and 
condition  of  roads;  and  proof  of  ownership,  such  as  a 
copy  of  the  land  deed,  claim,  or  lease. 

The  unit  value  as  well  as  the  total  value  of  clay  pro- 
duced in  California  has  been  increasing  since  1949. 
California's  ceramic  industry  still  depends  in  large  part 
on  imports  of  high-grade  clays  from  other  states.  Al- 
though the  state  has  ample  supplies  of  miscellaneous 
clays,  most  fire  clays,  and  certain  types  of  high  grade 
bentonitic  clays,  there  is  a  need  to  locate  and  develop 
local  sources  of  high  refractory,  ball  and  bentonitic  clays. 
The  relatively  high  cost  of  shipping  these  out-of-state 
clays  into  California  supports  their  high  price.  Although 
most  of  the  clay  mined  in  California  is  used  within  the 
state,  some  types,  notably  fullers  earth,  are  shipped  to 
other  states  and  to  other  countries.  As  California  is  the 
only  known  source  of  hectorite,  this  clay  is  shipped  as 
far  as  the  East  Coast. 

In  recent  years  the  value  of  clay  in  the  Tone  area  has 
ranged  between  $2  and  $5  a  ton  at  the  mine.  Selected 
types  bring  more.  The  average  for  all  clays  mined  in 
this  area  is  slightly  more  than  $2  a  ton.  The  value  of 
fire  clay  produced  at  Lincoln  in  Placer  County  is  about 
$2  a  ton.  Most  of  the  fire  clay  mined  in  the  Alberhill  area 
of  Riverside  and  Orange  Counties  ranges  in  value  from 
about  $2  to  a  little  less  than  $10  a  ton ;  special  types 
bring  as  much  as  $25  a  ton.  Miscellaneous  claj's  mined 
in  the  Alberhill  area  are  valued  at  about  $3  a  ton  and 
kaolin  at  about  $17  a  ton.  iliscellaneous  clays  bring 
about  $1  a  ton  in  the  Los  Angeles  area  and  from  $0.50 
to  $1.50  per  ton  in  the  San  Francisco  Bay  area.  Rotary 
drilling  muds  that  are  produced  in  the  desert  areas  are 
valued  at  about  $4  a  ton.  Bentonite  is  sold  between  $10 
and  $50  a  ton;  one  type  after  processing  brings  over 
$200  a  ton.  Pullers  earth  varies  in  price  between  $25 
and  $45  a  ton.  Activated  bentonite  ranges  from  about 
$45  to  about  $80  per  ton  (Lamar,  1953,  p.  325). 

In  the  United  States  kaolin  is  sold  in  carlots;  select 
types  are  crushed,  pulverized,  washed,  purified  or  air 
floated  and  marketed  in  bags.  Ball  clay  is  sold  in  bulk 
or  crude,  air  floated,  shredded  or  pulverized  in  bags. 
Fire  clay  is  marketed  in  carlots,  bulk  and  in  bags.  Mis- 
cellaneous clays  are  generally  sold  in  carlots.  Bentonite 
comes  dried,  crushed  in  bulk  and  pulverized  to  200 
mesh  in  bags.  Fullers  earth  is  marketed  in  four  particle 
size  ranges :  14  to  30  mesh,  30  to  60  mesh,  100  mesh  up, 
and  200  mesh  up,  in  bulk  and  In  bags. 
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COAL 

By  Charles  W.  Jennings 


Coal  was  first  mined  in  California  in  1855,  and  the 
peak  annual  output  of  236,950  long  tons  was  reached  in 
1880.  Since  1910,  production  has  been  much  lower,  prin- 
cipally because  of  competition  from  petroleum  and  natu- 
lal  gas  and  the  depletion  of  much  of  the  early  recovered 
loal.  The  total  production  of  coal  in  California  through 
1954  was  5,290,000  tons  valued  at  $23,600,000.  Com- 
pared to  the  total  annual  production  of  coal  in  the 
United  States,  California's  yield  is  of  little  national 
significance.  The  California  coal  industry,  however,  is  of 
considerable  interest  historically,  and  recent  develop- 
ments in  the  extraction  of  waxes  and  pigments  from 
lignitie  coals  have  led  to  a  partial  revival  of  the  industry 
in  the  state.  In  the  period  1949-55,  about  3,000  tons  of 
lignite  were  mined  annually.  Current  ■  interest  in  ura- 
nium-bearing carbonaceous  rocks  and  raw  materials  for 
synthetic  liquid  fuels  has  initiated  a  re-examination  of 
California's  lignitie  coals. 

GEOLOGICAL  OCCURRENCE 

Coal  is  a  carbonaceous  rock  formed  by  the  decompo- 
sition of  plant  material  by  various  biochemical  processes. 
The  plant  material  is  first  converted  to  peat,  then  com- 
pacted by  burial,  and  finally  metamorphosed  into  coal. 
The  formation  of  coal  begins  in  swamps  when  plants  die 
and  are  covered  by  water.  The  M'ater  excludes  oxygen 
and  prevents  rapid  decay  of  the  material  allowing  it  to 
accumulate  and  develop  into  peat.  The  weight  of  more 
vegetation  falling  on  the  peat  helps  to  compress  and 
solidify  it,  as  does  the  weight  of  water  when  the  deposit 
sinks  below  a  lake  or  sea,  as  has  often  happened.  At  the 
end  of  coal-forming  periods,  swamps  remain  flooded  for 
a  long  time  and  sediments  are  deposited  in  thick  beds 
over  the  peat.  This  further  compresses  it  and  starts  the 
coalification  process.  The  transformation  from  vegetation 
to  rock  is  slow  and  requires  geologic  ages  to  complete. 
Lignite  is  the  first  coal  to  form  from  peat,  and  as  the 
process  continues,  coals  of  higher  rank  are  developed, 
ranging  from  lignite  through  sub-bituminous,  bitumi- 
nous, to  anthracite.  In  general,  the  older  coal  beds  con- 
tain higher-rank  coal  than  the  younger  beds.  Most  of  the 
coal  in  the  United  States  was  formed  during  the  Carbo- 
niferous and  Cretaceous  periods. 

LOCALITIES  IN   CALIFORNIA 

Coal  occurrences  have  been  reported  in  43  counties  in 
California,  but  only  at  a  few  locations  is  the  coal  of  suf- 
ficient quantity  and  quality  to  warrant  consideration  for 
commercial  development.  The  coal  deposits  in  this  state 
occur  mostly  in  Paleocene,  Eocene,  and  Miocene  forma- 
tions, but  in  Trinity  County  coal  deposits  occur  in  Cre- 
taceous beds.  The  coal  characteristically  is  interlayered 
in  shale,  sandstone,  clay  and  conglomerate,  forming  dis- 
tinct layers,  or  seams.  Some  of  the  lignite  deposits  in 
California  contain  lenses  as  much  as  24  feet  thick.  This 
compares  favorably  with  the  thickness  of  coal  beds  in 
other  parts  of  the  world,  for  although  coal  beds  are 
known  to  be  as  thick  as  100  feet,  they  are  rarely  over 
8  or  10  feet  thick  (Kies,  1937).  However,  most  of  the  coal 
beds  in  California  are  apparently  of  limited  extent  and 


few  seams  have  been  traced  more  than  a  few  square 
miles.  By  comparison,  coal  fields  in  eastern  United  States 
and  in  the  Rocky  Mountains  are  known  to  underlie  hun- 
dreds and  even  thousands  of  square  miles. 

Records  and  reports  of  production  are  fragmentary 
and  incomplete.  In  many  places,  the  coal  beds  have  not 
been  mapped  and  their  extent  is  unknown,  hence  recov- 
erable coal  reserves  of  the  state  remain  undetermined. 

The  principal  coal  mines  in  California  have  been  those 
at  Mt.  Diablo,  Contra  Costa  County ;  Corral  Hollow, 
Alameda  County;  Stone  Canyon,  Monterey  County; 
Alberhill,  Riverside  County;  and  lone,  Amador  County. 
In  the  Coast  Ranges  most  of  the  coal-bearing  forma- 
tions dip  steeply  and  are  commonly  offset  by  favilting. 
In  the  foothills  of  the  Sierra  Nevada  and  in  the  Penin- 
sular Ranges  the  coal  beds  dip  gently  or  are  horizontal, 
but  even  within  small  areas  the  thickness  and  character 
of  the  coal  are  most  irregular. 

Mt.  Diahlo  District,  Contra  Costa  County.  The  coal 
mines  on  the  northeast  slopes  of  Mt.  Diablo,  east  of  San 
Francisco  Bay,  were  first  worked  in  1855.  These  mines 
were  destined  to  become  the  principal  sources  of  coal  in 
California,  and  by  1859  they  were  supplying  much  of 
the  domestic  coal  used  in  San  Francisco.  In  1870,  more 
than  1,000  men  were  employed  at  the  Mt.  Diablo  mines, 
and  Nortonville,  Somersville,  and  Stewartsville  existed 
primarily  as  mining  communities.  The  production  of  the 
Mt.  Diablo  properties  declined  rapidly  about  the  turn  of 
the  century  and  ceased  in  1902.  The  abandonment  of  the 
coal  mines  was  attributable  to  rising  mining  costs  as  the 
workings  increased  in  depth,  and  to  the  competition  with 
cheaper  coal  from  outside  the  state.  Although  production 
statistics  are  incomplete,  about  3,500,000  tons  of  coal  are 
estimated  to  have  been  taken  from  this  district  (Davis, 
1951,  p.  590). 

The  coal  beds  in  the  Mt.  Diablo  district  are  in  the 
Domengine  formation  (middle  Eocene),  and  crop  out 
around  the  northern  slopes  of  Mt.  Diablo.  The.y  are 
associated  with  white  sandstone  and  impure  coaly  beds 
essentially  the  same  in  character  and  age  as  the  coal- 
sand-clay  formations  in  the  Sierran  foothills.  Many 
geologists  consider  the  Mt.  Diablo  coal  measures  to  be 
part  of  the  middle  Eocene  lone  formation  of  the  Sierra 
Nevada,  but  the  two  rock  groups  cannot  be  traced  con- 
tinuously across  the  Great  Valley  because  of  the  vast 
thickness  of  alluvial  fill.  The  coal  formation  in  the  Mt. 
Diablo  district  covers  a  belt  no  more  than  2i  miles  long, 
curvilinear  in  outline  and  convex  northward  (Smith, 
1902,  p.  498).  The  two  principal  coal  seams  are  the 
Clark  and  the  Black  Diamond  which  dip  20°-30°  N.  E. 
The  Clark  seam  ranges  from  li  to  4^  feet  in  thickness, 
and  is  generally  free  of  any  interstratified  shale  or  other 
undesirable  material.  The  Clark  vein  proved  the  more 
profitable,  because  it  occurred  within  stable  sandstone 
walls  which  did  not  require  expensive  timbering.  The 
Black  Diamond  seam,  which  occurs  about  375  feet  strati- 
graphically  below  the  Clark  seam,  ranges  from  6  to  18 
feet  in  thickness,  but  contains  much  interstratified  clay- 
stone  and  sandstone.  The  seam  lies  between  weak  walls 
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COAL     IN     CALIFORNIA 

APPROXIMATE     LOCATION     OF    PRINCIPAL 

OCCURRENCES    OF   COAL   THAT    HAVE 

BEEN    MINED    OR    INTENSIVELY    PROSPECTED 


PIOUKE  1.     Map  showing  location  of  principal  occurrences  of  coal  in  California  that  have  heen  mined  or  intensely  prospected. 
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Figure  2.  View  of  Nortouville,  Mt.  Diablo  district,  in  the  late  1870s.  The  extensive  mine 
dumps  of  the  Black  Diamond  mine  are  prominent  in  the  left  foresround.  {Photo  courtesy  W.  F. 
Jones,  San  Francisco). 
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Figure  3.  North-south  cross  section  through  the  Hlack  Diamond  shaft  of  the  Black  Diamond  coal  mine,  Contra  Costa 
County.  Workings  shown  by  broken  lines  are  projected  to  section.  (Courtesy  of  Southport  Land  and  Commercial  Company, 
published  in  California  Jour.  Mines  and  Geology,  vol.  Jfi,  no.  -}). 
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Figure  4.     Site  of  Tesla  coal  mines  in  Corral  Hollow,  Alameda  County.  In  1904  these  mines  were  the  principal  source  of  coal  in  the  state. 

Coal  beds  lie  in  middle  Eocene   Tesla   formation. 


Figure  5.     Map  of  Corral  Hollow  district,  Alameda  Count.v,  showing  coal  outcrops  and  probable  extension  of  coal  beds.  (Jfap  hy  Beckman 
and  Linden  Engineering  Corporation  October  1919,  published  in   California  Div.  Mines  and  Mining  Bull.  99).  ■ 
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Generalized  north-south  geologic  section  through  Corral  Hollow  district.  (Map  by  Beckman  and  Linden  Engineering  Corporation, 
October  1919,,  published  in  California  Div.  Mines  and  Mining  Bull.  99). 


which  made  mining  dangerous  and  expensive.  At  some 
places  in  the  district  smaller  coal  seams,  that  occur  be- 
tween the  Clark  and  Black  Diamond  seams,  were  de- 
veloped. 

The  coal  w'as  mined  by  the  breast-and-pillar  method 
and  workings  reached  a  depth  of  750  feet  below  the 
surface.  The  coal  was  sufficiently  clean  to  be  shipped 
without  processing.  Much  of  the  accessible  coal  was 
worked  out  in  the  early  days,  and  the  tonnages  that 
remain  are  not  known.  The  white  sand  associated  with 
the  coal  has  been  mined  in  more  recent  years  for  manu- 
facture of  glass,  and  for  foundry  and  refractory  pur- 
poses (Wright,  1948,  p.  42). 

In  general,  the  surface  coal  is  deeply  weathered,  but 
the  quality  of  the  coal  improves  downward  to  200  feet 
below  the  surface.  The  coal  has  been  classed  by  the  U.  S. 
Bureau  of  Mines  as  sub-bituminous. 

Corral  Hollow  District,  Alameda  County.  Deposits 
of  coal  at  Corral  Hollow  near  Tesla  in  Alameda  County 
were  discovered  about  1857.  For  a  few  years,  beginning 
in  1897,  these  deposits  were  intensively  developed  and 
for  5  years  production  averaged  more  than  70,000  tons 
per  j'ear.  In  1904,  the  Tesla  mines  were  the  principal 
sources  of  coal  in  the  state,  but  the  same  factors  that 
caused  the  economic  collapse  of  the  Mt.  Diablo  coal  fields 
also  forced  the  Tesla  mines  to  shut  down  a  few  years 
later. 

The  coal  beds  in  Corral  Hollow,  like  those  at  Mt.  Di- 
ablo, are  in  middle  Eocene  sediments  here  called  the 
Tesla  formation  (Iluey,  1948).  A  surface  map  of  the 
Tesla  area  (fig.  5)  shows  the  lateral  extent  of  the  coal 
veins.  A  generalized  geologic  cross  section  through  the 
main  Tesla  shaft  (fig.  6)  shows  that  the  coal  seams  lie 
on  the  south  limb  of  a  steeply  dipping  syneline  and  are 
inclined  about  70  degrees.  Several  coal  bearing  zones 
occur  at  this  locality,  but  only  the  Eureka  and  Summit 
seams  were  large  enough   to  be  worked.   The  Eureka 


seam  is  about  10  to  12  feet  thick  with  a  solid  sandstone 
roof.  Most  of  the  mining  was  done  on  this  bed  and  the 
coal  was  followed  to  a  depth  of  800  feet.  The  Summit 
seam  averages  7  feet  of  clean  coal  but  the  overlying  beds 
are  shaly  and  require  expensive  timbering  (Smith, 
1902,  p.  501-504). 

The  coal  is  classed  as  sub-bituminous  by  the  U.  S. 
Bureau  of  Mines  (Andrews,  1947).  Coal  from  this  field 
was  of  uniform  quality,  burned  freely,  and  had  an  ash 
content  of  about  8  to  9  percent.  The  coal  seams  were 
reached  by  both  tunnel  and  shaft,  and  the  breast-and- 
pillar  system  was  used  to  mine  the  ore.  Coal  from  the 
Summit  seam  was  clean  enough  to  go  directly  to  the 
bunkers,  but  coal  from  the  Eureka  seam  required  screen- 
ing and  washing.  In  developing  the  coal  mine,  extensive 
deposits  of  commercial  clay  and  high-grade  quartz  sand 
were  discovered.  The  clay  deposits  continued  to  be 
worked  several  years  after  the  coal  mining  ceased.  Cur- 
rently (1956)  a  quartz-clay  mixture,  known  as  "Liver- 
more  ganister",  is  being  mined  at  the  site  of  the  old 
Tesla  coal  workings  and  is  used  as  a  foundry  material 
(Wright,  1948,  pp.  48-50). 

Stone  Canyon  District,  Monterey  County.*  A  coal 
deposit  at  Stone  Canyon,  Monterey  County,  which  was 
discovered  in  1870  and  opened  in  1907,  contains  some  of 
the  highest-rank  coal  in  the  state.  In  1909,  the  mine  was 
vigorously  worked  and  yielded  nearly  46,000  tons  of 
coal,  but  as  the  San  Francisco  market  was  flooded  with 
low-priced  Australian  coal,  the  mine  did  not  show  a 
profit.  Late  in  1909,  heavy  floods  and  a  cloudburst  dam- 
aged the  property,  and  in  October  the  company  passed 
into  the  hands  of  a  receiver.  In  1921,  the  mine  was 
opened  by  the  Stone  Canyon  Coal  Company  which  was 
financed  by  officials  of  the  Inland  Steel  Company  of 

*  Many  of  the  data  presented  herein  were  kindly  provided  in  1955 
by  T.  O.  Evans,  Chief  Mining  Enjsineer,  Santa  Fe  Railway  Com- 
pany, who  was  mining  engineer  at  the  Stone  Canyon  mine  in 
1921. 
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HORIZONTAL  AND  VERTICAL  SCALE 

FiGUKE  7.     North-south  geologic  cross  section  through  Stone  Can- 
yon coal  district.   {Modified  after  Arnold,  1905). 

Chicago.  The  eastern  end  of  the  property  was  developed 
and  about  50,000  tons  of  coal  were  produced  during  the 
1^  years  the  mine  operated.  Practically  all  of  this  output 
was  used  for  domestic  purposes,  but  a  lagging  market 
forced  the  mine  to  close  in  1922.  The  mine  was  reopened 
in  1931  by  the  Atlas  Smelting  Mining  and  Refining 
Company  of  San  Francisco,  which  produced  an  esti- 
mated 10,000  tons  of  coal  during  the  year  it  operated. 
The  coal  has  been  mined  from  a  single  bed  about  12 
feet  thick,  which  strikes  northwesterly  and  generally 
dips  northeasterly  about  75  degrees,  but  occasionally 
dips  as  low  as  12  degrees.  Diamond  drill  data  indicate 
that  the  total  length  of  the  coal  bed  along  the  strike  does 
not  exceed  1  mile  (T.  0.  Evans,  personal  communica- 
tion). The  local  structure,  as  shown  by  the  accompanying 
cross  section,  is  essentially  a  syncline  consisting  of 
upper  Miocene  Santa  Margarita  sandstone  and  shale 
which  rest  unconformably  on  the  lower  Miocene  Va- 
queros  formation.  The  Vaqueros  formation,  which  con- 
tains coal  near  its  base,  rests  unconformably  upon  the 
Upper  Jurassic  ( ?)  Franciscan  complex.  Locally,  the 
Vaqueros-Franciscan  contact  is  marked  by  a  zone  of 
faulting. 

Early  mining  consisted  of  an  inclined  shaft  350  feet 
in  depth  sunk  nearly  on  the  coal  bed,  and  a  drift  lo- 
cated 1500  feet  southeast  of  the  shaft  and  extending 
3000  feet  in  a  southeasterly  direction  along  the  coal 
seam.  In  1921,  the  coal  was  mined  by  sinking  an  inclined 
shaft  from  the  300-foot  level  down  the  dip  of  the  coal 
seam  for  758  feet.  Eleven  rooms  24  feet  wide  were 
opened  on  each  side  of  the  shaft.  When  the  mine  was 
reopened  in  1931,  the  No.  1  shaft  was  extended  from 
the  300-foot  level  to  the  600-foot  level.  About  10  rooms 
were  opened  up  on  the  600-foot  level  and  extended  for 
about  1000  feet. 

The  coal  in  Stone  Canyon  is  a  high-volatile  bituminous 
coal,  which  is  hard  and  does  not  slack  readily  on  ex- 
posure. Many  unsuccessful  attempts  were  made  to  pro- 
duce a  satisfactory  coke  from  the  coal.  A  very  fragile 
coke  breeze  (fragments  finer  than  ^  inch)  was  made  by 
the  operators  of  the  mine  in  1921,  but  this  material 
could  not  be  marketed.  A  U.  S.  Geological  Survey  report 
(Arnold,  1906)  states  that  Stone  Canyon  coal  is  non- 
coking.  This  was  also  found  to  be  the  case  by  Mr.  T.  0. 
Evans,  the  mining  engineer  in  charge  of  the  mining 
operations   in   1921    (personal   communication). 

lone  District,  Amador  County.  Lignite  beds  in  the 
lone  region,  about  36  miles  southeast  of  Sacramento, 


were  mined  for  local  use  in  the  early  1860s.  Commercial 
development  of  the  fields  started  in  1888,  and  during  the 
period  1888-1903  moderate  amounts  of  coal  were  mar- 
keted in  tlie  Sacramento  and  San  Joaquin  Valley  area. 
Production  from  this  region  from  1903  to  1947  was 
sporadic.  In  1948,  coal  mining  was  resumed,  but  this 
time  not  for  fuel  purposes.  The  lone  lignite  was  found 
to  contain  a  high  percentage  of  wax  suitable  for  indus- 
trial purposes  and  now  lone  deposits  make  the  United 
States  self-sufficient  in  montan  wax. 


Figure  8.  Lignite  strip  mine,  one  mile  west  of  lone.  Source  of 
lignite  for  American  Lignite  Products  Company  montan  wax  ex- 
traction plant.  Coal  bed  is  about  12  feet  thick.  {Photo  by  Mart  D. 
Turner,  1950). 

The  American  Lignite  Products  Company,  Incorpo- 
rated, set  up  a  plant  at  lone  in  1948.  This  is  the  only 
operating  montan  wax  plant  in  this  country.  The  proc- 
ess *  of  extracting  montan  wax  begins  by  crushing  the 
lignite  to  approximately  l^-ineh  particles  and  then 
pulverizing  them  in  a  hammer  mill  (see  flow  sheet,  fig. 
9).  The  finely  ground  lignite  is  fed  to  an  extractor  where 
petroleum  solvents  remove  waxes,  wax  esters,  resins,  and 
asphaltic  substances.  The  slurry  from  the  extractor  is 
separated  into  filtrate  extract  and  spent  lignite  by  filters. 
The  solvent  is  recovered  from  the  extract  in  steam- 
heated  stills  and  the  liquid  wax  is  pumped  and  trans- 
ferred to  a  wax  flaker.  The  flaked  wax  is  bagged  for 
shipment.  Approximately  200  to  280  pounds  of  crude 
montan  wax  is  obtained  from  1  ton  of  lignite  of  25  per- 
cent moisture  content.  The  finished  product  is  a  hard, 
brown  material  which  is  marketed  under  the  brand  name 
Alpco,  Type  16. 

The  lone  formation  (middle  Eocene),  in  which  the 
lignite  beds  occur,  is  a  series  of  clay,  shale,  and  sandstone 
beds  exposed  in  isolated  patches  along  the  eastern  edge 
of  the  Central  Valley  of  California,  from  Cherokee  in 
Butte  County  south  to  Daulton  in  Madera  County.  At 
some  localities,  notably  near  the  town  of  lone  in  Amador 
County,  the  formation  contains  large  amounts  of  brown 
lignite.  This  lignite  occurs  in  lens-shaped  bodies  ranging 
in  diameter  from  500  to  3,000  feet.  These  bodies  are 
reported  to  be  as  much  as  24  feet  thick,  nearly  flat-lying, 
and  rarely  deeper  than  125  feet.  Figure  10  is  a  surface 
map  showing  the  coal  basins  in  Amador  County.  At  the 

•  The  tollowinB  description  has  been  approved  for  publication  by 
Mr.  P.  J.  DeAngelis  of  the  American  Lignite  Products  Company, 
August  1956. 
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CARBONDALE 
BASIN  COAlS' 


Figure  10.  The  coal  basins  of  Amador  County.  Boundaries  are  fairly  definite  for  the  east  and  west  sides  of  the 
Buena  Vista  basin,  the  south  side  of  the  lone  basin  and  the  portion  .shown  of  the  Carbondale  basin.  Other  bound- 
aries are  approximately  located.  (Modified  by  Mart  D.  Turner  from  uiipiihlished  maps  hy  Mocine,  192S  and 
McCready,  1921).  Areas  within  stippled  borders  are  described  in  California  Journal  of  Mines  and  Geology,  July 
1949,  and  in  California  Division  of  Mines  Special  Report  19. 
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Amerit-an  liignite  Products  Company  mine  near  lone, 
the  lignite  is  strip-mined  by  means  of  a  dragline.  Here 
the  overburden  ranges  from  18  to  44  feet  in  thickness. 
In  1956,  this  was  the  only  continuing  coal  operation  in 
California.  Another  operation,  that  of  the  Humaeid 
Company,  near  Buena  Vista,  was  active  from  1951  to 
1952.  This  was  entirely  an  underground  operation  where 
a  lignite  bed  75  feet  below  the  surface  was  developed. 
Drill  holes  revealed  two  deeper  beds,  one  at  about  85 
feet  and  the  other  at  100  feet.  Plans  for  building  a 
montan  wax  extraction  plant  for  the  Humaeid  coal  mine 
(lid  not  materialize,  and  the  mine  shut  down. 

Alherhill  Area  and  Santa  Ana  Mountains,  Riverside 
and  Orange  Counties.  Many  coal  seams  have  been  en- 
countered in  clay  quarries  of  the  Alberhill  and  Santa 
Ana  ]\Iountain  areas  of  southern  California.  The  seams 
occur  in  the  Silverado  formation  (Paleocene)  and  are 
classed  as  lignite. 

At  Alberhill,  coal  was  mined  from  1885  to  about  1900. 
The  coal  occurs  in  a  single  layer  with  a  maximum  thick- 
ness of  10  feet  and  an  average  thickness  of  about  4  feet. 
It  rests  between  a  clay  floor  and  a  sandstone  roof  about 
85  feet  below  the  surface  and  dips  about  3  to  10  de- 
grees. Most  of  the  coal  was  mined  from  the  property 
now  held  by  the  Alberhill  Coal  and  Clay  Company.  Coal 
is  still  removed  in  the  present  clay  mining  operations, 
but  is  considered  to  be  of  little  commercial  importance. 

Eel  River  District,  Mendocino  County.  Deposits  of 
coal  have  long  been  known  in  the  Eel  River  district, 
Mendocino  County,  175  miles  north  of  San  Francisco.  A 
small  amount  of  coal  from  this  district  was  marketed 
ill  the  period  1923-26,  and  about  40  tons  were  mined  and 
shipped  in  1948. 

The  deposits  are  four  miles  east  of  Dos  Rios  on  prop- 
erty belonging  to  the  Flood  Estate.  The  coal  lies  within 
isolated  patches  of  the  middle  Miocene  Temblor  forma- 
tion which  are  down-faulted  into  the  underlying  Fran- 
ciscan (Jurassic  1)  sandstone.  Where  Salt  Creek  joins 
the  Middle  Fork  of  the  Eel  River,  a  prominent  bed  of 
coal  14  to  15  feet  thick  dips  about  20  degrees  NE  and 
crosses  the  channel  of  the  latter.  Figure  11  is  a  map 
showing  the  discontinuous,  northwesterly  trending  coal 
outcrops  in  this  area.  The  region  contains  numerous 
landslides  and  many  faults  which  make  it  hazardous  to 
predict  the  lateral  continuity  of  the  coal  below  the 
surface.  Analyses  by  the  U.  S.  Bureau  of  Mines  (Reyn- 
olds, 1946)  of  two  samples  of  coal  from  this  district 
indicated  a  sub-bituminous  rank  and  a  non-coking  grade. 

Trinity  County.  Lignite  has  been  mined  at  Big  Bar 
and  at  the  Reese  Brothers  mine  southeast  of  Douglas 
City,  and  at  a  few  other  prospects  in  Trinity  County 
(Averill,  1941).  The  mining  operations  have  been  small 
and  the  coal  has  only  been  used  locally  for  domestic  pur- 
poses. 

The  coal  in  Trinity  County  is  of  Cretaceous  and  Eo- 
cene age.  Lower  Cretaceous  coal  at  Big  Bar  has  been 
mined  intermittently  since  1929,  but  an  80-mile  truck 
haul  to  railroads  makes  transportation  a  problem.  The 
coal  beds  are  interbedded  in  shale  and  sandstone,  which 
dip  about  30  to  40  degrees,  but  only  one  bed,  3  to  5  feet 
thick,  was  found  to  contain  coal  clean  enough  to  be 
mined.  The  lateral  extent  of  these  beds  has  not  been 
determined.  Lignite  beds  in  th^  Eocene  Weaverville  for- 
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Figure  11.     Map  of  Dos  Rios  coal  area.  Eel  River  District,  Men- 
docino County,  showing  outcrops  of  coal. 

mation  at  the  Reese  Bros,  mine  are  8  feet  thick,  dip 
about  20  degrees,  and  are  interbedded  with  volcanic  ash. 
A  small  production  was  reported  in  1946. 

UTILIZATION  OF  CALIFORNIA  COAL 

As  coal  found  in  California  is  generally  of  lignite  or 
sub-bituminous  rank,  it  has  a  low  heating  value,  and 
generally  makes  poor  fuel  compared  with  coal  mined  in 
the  Rocky  Mountains  and  the  eastern  United  States.  Cali- 
fornia coal  does  not  yield  coke  that  is  suitable  for  use  in 
steel  smelting.  This  is  attributable  to  the  high  ash  and 
sulfur  content  of  the  coal  and  to  the  weakness  of  the 
resulting  coke.  Coking  coal  for  California 's  steel  smelters 
is  brought  into  the  state,  mostly  from  Utah  and  Okla- 
homa. California's  only  coking  plant  is  located  at  the 
Kaiser  Steel  Company,  Fontana,  San  Bernardino 
County.  Table  2  summarizes  the  production  data  for  this 
plant.  Additional  coke  for  California's  industrial  plants 
is  brought  in  from  other  states.  The  source  and  distribu- 
tion of  this  coke  produced  in  other  states  is  summarized 
in  table  3.  For  additional  information  see  "coke"  under 
"iron  and  the  iron  industries"  in  this  volume. 

Lignite  from  lone,  California,  has  been  found  to  yield 
a  higher  percentage  of  montan  wax  than  any  other  lig- 
nite in  the  United  States.  Montan  wax  is  hard  and  brittle 
and  has  a  high  melting  point.  These  properties  make  it 
an  important  ingredient  in  certain  shoe  polishes,  floor 
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Table  1.     Analyses  of  California  coals.* 


Mine 


Rank 


Moisture 


Volatile 

matter 


Fixed 
carbon 


Ash 


Sulfur 


B  t  u 


Mt.  Diablo,  Contra  Costa  Co 

Corral  Hollow,  Alameda  Co; 

Stone  Canyon,  Monterey  Co 

lone,  Amador  Co. 

Alberhill,  Riverside  Co 

Santa  Ana  Mts.,  Orange  Co 

Eel  River,  Mendocino  Co 

Fireflex  (Trafton),  San  Benito  Co, 
Reese  Bros.,  Trinity  Co 


Sub-bituminous 
Sub-bituminous 
Bituminous,  .i. 

Lignite 

Lignite 

Lignite 

Sub-bituminous 
Sub-bituminous 
Lignite 


15.0 
18.0 

6.9 
22.4 
19.0 

7.9 
12.8 
15.9 
13.3 


38.4 
39.2 
46.7 
42.4 
46.5 
29.9 
34.4 
33.7 
38.6 


34.5 
26.4 
40.1 
20.4 
21.9 
49.5 
37.3 
39.6 
30.5 


12.1 
16.4 
6.2 
14.8 
12.6 
12.7 
15.8 
10.8 
17.6 


5.6 
3.1 
4.2 
2.9 


1.0 
4.4 
1.1 


9,240 
8,105 
12,447 
9,322 


10,890 
9,691 
8,120 


•  From  various  published  sources. 

waxes,  electrical  insulating  compositions,  impregnations 
and  waterproofing,  leather  dressings,  inks,  carbon 
papers,  protective  coatings,  greases,  phonograph  records, 
rubber,  investment  castings,  and  many  other  allied  fields. 
Before  World  War  II,  montan  wax  was  imported  from 
Germanj^  and  Czechoslovakia,  but  since  1948  the  montan 
wax  plant  at  lone  has  supplied  most  of  United  States 

Table  2.     California  coking-plant  data. 

(From  U.  S.  Bureau  Mines  Mineral  Market  Rept.  M.  M.  S. 
No.  2520,  Colce  and  Coal  Chemicals  in  1955) 


Oven  Coke 

Number  of  plants 1 

Number  of  ovens  (slot-type) 225 

Coke  capacity  of  ovens  (annual  net  tons) 1 ,055,000 

Coal  carbonized  (net  tons) 1,356,513 

Yield  of  coke  from  coaL 60.06% 

Coke  produced  (net  tons) 814,687 

Coke  breeze 

Yield  per  tonofcoal 4.95% 

Produced  (net  tons) 67,142 

Sold  (net  tons) _ 16,170 

Used  by  producer  (net  tons) 50,972 

Origin  of  coal  shipped  to  California  oven-coke  plants  (net  tons) : 

Arkansas 9. 174 

Colorado 2,673 

New  Mexico - 12,366 

Oklahoma 223,591 

Utah 1,121,743 

Total 1,369,547 

Volatile  content  of  coal  shipped  to  California  oven-coke  plants: 

High  volatile'  (net  tons). _--. _.  1,136,782 

High  volatile'  (percent  of  total) 83.0 

Low  volatile'  (net  tons).., 232,765 

Low  volatile*  (percent  of  total) 17.0 

Production  and  disposal  of  coke-oven  gas,  in  thousand  cubic  feet: 

Total  produced 15,570,471 

Gas  per  ton  of  coal  coked • 11. 48 

Used  in  heating  ovens ■_ 1.388,538 

Used  by  producer  in  steel  or  allied  plants 12,177,607 

Sold  for  industrial  purposes 1,581 ,045 

Wasted .-.  423,281 

Production  of  coke-oven  by-products: 

.\mmoniuin  sulfate  (i)ounds) 32,378,846 

.\mmonium  sulfate  (pounds  per  ton  of  coal  coked) 23.87 

Tar  (gallon.s)   12,391,563 

Tar  (gallons  per  ton  of  coal  coked) 9.13 

Crude  light  oil  (gallons)-,- 4,530,667 

Crude  light  oil  (gallons  per  ton  of  coal  coked) 3. 34 

Benzene,  in  gallons  (not  motor  grade) 2,490,376 

Benzene  (percentage  yield  from  crude  light  oil  refined) 55.2 

Toluene  (gallons) 722,583 

Toluene  (percentage  yield  from  crude  light  oil  refined) 16.0 

Xylene  (gallons) 169,963 

Xylene  (percentage  yield  from  crude  light  oil  refined) 1  '          3.8 

Solvent  naphtha  (gallons)- , 123,869 

Solvent  napththa  (percentage  yield  from  crude  light  oil  refined)  2 . 7 


'  High  volatile  coal  contahis  over  31  percent  dry  volatile  matter. 

-  Low  volatile  coal  contains  14  percent  to  22  percent  dry  volatile  matter. 


needs.  General  specifications  of  Alpco  wax.  Type  16, 
manufactured  at  lone,  are  shown  in  table  4.  The  resi- 
due from  the  wax-recovery  operation  at  lone  is  used  in 
several  ways:  (1)  as  a  drilling  mud  additive  to  control 
viscosity,  (2)  in  the  tanning  industry,  (3)  as  a  pigment, 
and  (4)  as  a  filler  in  fertilizers.  The  spent  residue  is 
claimed  to  have  fertilizing  properties,  act  as  mulch,  im- 
prove soil  porosity,  restore  organic  matter,  and  con- 
tribute humic  acid  to  the  soil. 

Investigations  are  currently  being  made  by  govern- 
ment agencies  in  the  recovery  of  uranium  in  the  ash  of 
various  coals,  including  lignites.  During  the  summer  of 
1952,  a  reconnaissance  was  conducted  in  California  by 
the  U.  S.  Geological  Survey  in  search  of  new  deposits  of 
uranium-bearing  carbonaceous  rocks  (Moore  and  Ste- 
phens, 1954).  The  principal  localities  in  California  where 
uranium  occurs  in  coal  are  listed  as  the  Newhall  pros- 
pect, Los  Angeles  County  (0.020  percent  uranium) ; 
Fireflex  mine,  San  Benito  County  (0.005  percent  ura- 
nium) ;  American  Lignite  mine,  Amador  County  (0.004 
percent  uranium) ;  and  Tesla  prospect,  Alameda  County 
(0.003  percent  uranium). 

In  1951,  an  investigation  of  the  synthetic  liquid  fuel 
potential  of  the  state  was  made  for  the  IT.  S.  Army  Corps 
of  Engineers  (U.  S.  Bureau  of  Mines,  1951).  Considera- 
tion was  given  to  oil-impregnated  strippable  deposits, 
coal,  and  natural  gas  as  raw  materials  for  synthetic 
liquid  fuel.  These  investigations  concluded  that,  although 
coal  is  widely  distributed  in  California,  the  deposits  are 
of  small  individual  occurrence  and  not  of  sufficient  size 
to  meet  the  minimum  requirements  set  up  by  the  survey. 
The  reserve  requirements  specified:  (1)  recoverable  ton- 
nage within  an  area  of  three  miles  radius  be  not  less  than 
30,000,000  tons  for  underground  mining  or  5,000,000 
tons  for  strip  mining;  (2)  that  the  minimum  thickness 
for  underground  mining  be  24  inches  for  bituminous 
coal,  28  inches  for  sub-bituminous  coal,  and  48  inches  for 
lignite,  and  that  the  minimum  thickness  for  strip  mining 
be  12  inches;  and  (3)  that  the  maximum  depth  of  coal 
for  underground  mining  be  not  more  than  1,500  feet 
below  drainage  level. 

MARKETING   DATA 

Several  properties  of  coal  are  important  to  its  market 
value.  The  more  important  are  as  follows: 

Fuel  ratio  (ratio  of  fixed  carbon  to  volatile  matter; 

this  is  high  in  anthracite  and  low  in  lignite). 
Heating  value  (expressed  in  Btu). 
Ash  content  (owing  to  silt,  clay,  silica,  etc. ;  the  le^.s 

present,  the  better  the  quality  of  coal). 
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Table  S.     Source  and  distribution  of  oven  and  beehive  coke  and  breeze  consumed  in  California  in  1935. 
(From  U.  S.  Bureau  Mines  Mineral  Market  Rept.  M.  M.  S.  2540,  Distribution  of  Oven  and  Beehive  Coke  in  1955) 


Coke  (net  tona) 

Source 

To  blast 
furnace 
plants 

To  foundries 

To 
producer 
gas  plants 

To  water 
and  gas 
plants 

To  other 

industrial 

plants 

For 

residential 

heating 

Total  coke 

Total  breeie 
(net  tons) 

805,566 

20,769 

22,543 
7,604 
7,594 
7,000 

12,091 
190 

225 

-- 

-- 

11,869 
2,763 
1,666 
6,897 
2,619 

10,782 
2,745 
6,570 

20,721 

- 

32,638 

808,329 

1,666 

29,440 

10,223 

18,376 

9,745 

18,661 

190 

20,721 

225 

42 

54,909 

43 

<  )!iio                                                  .   - 

77 

l"tah -    -    --   ..- 

558 

Total 

805,566 

78,016 

none 

none 

66,632 

none 

950,214 

55,629 

Table  4-     General  specifications,  Alpco  wax,  Type  JO. 
(American  Lignite  Products  Co.,  lone,  California) 

Melting  point,  ASTM,  D-127-49 187"  F.  +  3°  F. 

I  hirdness,  at  77°  F.,  Shore  Durometer 100 

I  'cnctration,  lOOg/o  Sec/77°  F. ,  ASTM ,  D-5-52 0-1 

Acid  value,  mg.  KOH/g 48-53 

Saponification  value,  mg.  KOH/g_ 1 12-120 

Ash.__ 0.2  Max. 

*  Benzol  solubility,  hot Complete 

I  (enzol  solubility  at  32-40°  F.  (resinous  matter) -  _  _  20%  Max. 

'Methyl-Ethyl-Ketone,  hot.  solubility 100% 

( 'olor  streak Brownish 

i  racture Conchoidal 

Specific  gravity :-.-   1.02-1.03 

Ultimate  Analysis  (%) 

Ash 0.2 

H 12.2 

C 79.4 

N 0.0 

S 0.3 

0-(bydi«f.) ---  7.9 

•  One  gram  of  wax  per  100  cc.  solvent. 

Storing  and  weathering  qualities. 

Moisture  content. 

Coking  qualities  (a  good  coke  should  contain  not  more 
than:  1.5%  sulfur,  0.04%  phosphorus,  3%  mois- 
ture, 10%  ash,  2%  volatile  matter ;  should  contain 
about  85-90%  fixed  carbon ;  consist  of  large  lumps, 
usually  60-70%  larger  than  2  inches;  and  be  hard 
and  strong  to  resist  breakage. 

I  f  the  coal  is  to  be  used  for  manufacture  of  montan  wax, 
then  the  wax  content  is  of  prime  importance  and  the 
other  factors  listed  above  are  of  no  consequence.  A  wax 
rontent  of  about  10  percent  is  estimated  to  be  necessary 
in  order  for  coal  to  be  economically  suitable  for  montan 
wax  manufacture. 

The  montan  wax  (Alpco,  Type  16),  which  is  marketed 
by  the  American  Lignite  Products  Company,  Amador 
County,  sells  for  26.5  cents  per  pound  f  .o.b.  lone.  A  semi- 
lefined  wax,  which  has  a  lighter  color  than  Type  16,  was 
to  be  available  by  late  1956  and  was  to  be  sold  for  about 
45  cents  per  pound.  Manufacture  of  a  fully  refined  wax 
to  be  sold  for  60  to  65  cents  per  pound  (f.o.b.)  was  also 
planned  for  1957. 

Intermittently  small  amounts  of  coal  are  produced  and 
sold  locally  in  California  for  domestic  heating  purposes. 


Manufacture  of  coal  briquets  has  been  unsuccessfully 
attempted  in  the  past,  the  latest  attempt  being  in  the 
lone  area  during  1946-1948  while  fuel  oil  was  scarce  in 
California  (F.  J.  De  Angelis,  American  Lignite  Prod- 
ucts Company,  personal  communication).  The  operation 
ceased  when  fuel  oil  again  became  available. 

Considering  the  area  and  population  of  California, 
relatively  small  tonnages  of  coal  are  consumed  in  this 
state.  The  largest  single  use  for  coal  in  California  is  in 
the  production  of  coke  for  the  Kaiser  Steel  Company 
blast  furnaces ;  for  this  purpose,  1.3  million  tons  of  coal 
were  imported  from  other  states  during  1955.  A  few 
hundred  thousand  tons  of  coal  are  used  annually  in  small 
amounts  for  various  industrial  applications,  blacksmith- 
ing,  and  domestic  heating.  Industrial  applications  com- 
monly make  use  of  coal  as  a  source  of  carbon  required 
in  certain  processes.  For  example,  the  Selby  smelters 
use  annually  approximately  15,000-20,000  tons  of  coal 
in  the  reduction  of  lead-zinc  ores.  Foundries  use  finely 
ground  anthracite  or  bituminous  coal,  commonly  called 
"sea  coal,"  to  apply  on  foundry  facings.  A  few  brick 
plants  use  bituminous  coal  to  fire  their  kilns ;  one  brick 
plant  in  the  S.  F.  Bay  area  uses  180  tons  of  Utah  coal 
per  month.  The  current  delivered  price  (1956)  for  car- 
load lots  of  lump  coal  in  California  ranges  from  about 
$11.00  to  $20.00  per  ton,  depending  upon  the  rank  and 
size  of  the  coal.  As  long  as  oil  and  natural  gas  continue 
to  be  the  primary  sources  of  energy,  it  is  unlikely  that 
California  will  require  much  more  coal  than  it  uses  at 
present. 
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Minor  occurrences  of  cobalt-bearing  minerals  have 
been  reported  from  numerous  localities  in  California 
(Murdoch  and  Webb,  1948,  pp.  114,  139-140),  but  there 
has  been  very  little  commercial  production  of  cobalt  in 
the  state.  Most  of  the  discoveries  of  cobalt  minerals  have 
been  made  in  well-known  zones  of  mineralization,  such 
as  the  Sierran  Foothill  copper  belt  (Logan,  1925,  p.  142), 
and  the  zinc-lead  districts  of  southern  California  (Gav 
and  Hoffman,  1954,  p.  493). 

Mineralogy.  Nearly  all  cobalt  ore  is  associated  with 
one  or  more  of  the  following  metals :  copper,  nickel,  iron, 
lead,  zinc,  arsenic,  manganese,  silver,  and  gold.  The  im- 
portant ores  of  cobalt  are  smaltite,  cobaltite,  linnaeite, 
erythrite  and  asbolite.  Smaltite  (C0AS2)  is  the  principal 
cobalt  arsenide  and  is  the  chief  cobalt-bearing  mineral 
at  many  deposits  in  Germany,  Canada  and  French  Mo- 
rocco. It  is  gray  in  color,  has  a  metallic  luster,  a  specific 
gravity  of  6.5,  cubic  structure,  and  contains  28.2  percent 
cobalt.  Cobaltite  (CoFeAsS)  is  associated  with  cobalt 
arsenides  in  the  cobalt  districts  of  Burma,  Ontario  and 
Australia.  It  is  a  grayish  mineral,  has  a  metallic  luster, 
a  specific  gravity  of  6.3,  and  contains,  when  pure,  35.5 
percent  cobalt. 

Linnaeite  (C03S4)  occurs  in  the  cobalt  ores  of  the 
Belgian  Congo  and  in  the  lead-zinc  deposits  in  the 
Mississippi  Valley,  United  States.  In  color  it  is  light 
gray  to  steel-gray,  has  a  metallic  luster  which  tarnishes 
easily  to  copper-red,  a  specific  gravity  of  4.5,  and  con- 
tains from  31  to  40  percent  cobalt.  The  cobalt  may  be  re- 
placed in  part  by  nickel.  Erythrite  (3CoO-As205-8H20) 
generally  occurs  as  an  oxidation  product  of  cobalt  arsen- 
ides and  sulfides.  It  ranges  in  color  from  pale  pink  to 
orange  red,  has  a  specific  gravity  of  3.0,  perfect  cleavage, 
and  contains,  when  pure,  29.5  percent  cobalt.  Asbolite 
(an  impure  mixture  of  manganese  and  cobalt  oxides)  is 
the  principal  cobalt  material  of  New  Caledonia  and  has 
been  found  in  small  quantities  at  several  places  in  Cal' 
fornia.  It  is  dull  black  in  color,  has  a  specific  gravity  of 
about  1.1,  hardness  of  1  to  2,  and  a  cobalt  content  in  the 
range  of  4  to  35  percent. 

General  Geology.  The  bulk  of  the  world's  output  of 
cobalt  comes  from  the  Katanga  region  of  the  Belgian 
Congo,  Northern  Ehodesia,  the  Bou  Azzer  district  of 
French  Morocco,  the  Sudbury  and  Temiskaming  districts 
of  Canada,  the  Cornwall  magnetite  deposit  of  Pennsyl- 
vania, and  the  Blackbird  district,  Idaho.  The  cobalt 
minerals  are  mined  from  replacement  deposits  in  pre- 
Cambrian  dolomitic  limestone ;  from  veins  formed  at  the 
contacts  between  serpentine  and  dolomite ;  from  lateritic 
soils  developed  on  serpentinized  peridotites;  from  de- 
posits formed  in  pre-Cambrian  sedimentary  rocks  and 
diabases ;  and  from  deposits  formed  by  the  intrusion  of 
diabase  sills  into  Triassic  shales  and  a  Cambrian  lime- 
stone. The  reserves  of  cobalt  ore  in  the  principal  produc- 
ing districts  are  large,  and  several  of  the  larger  districts 
contain  reserves  far  in  excess  of  100  million  tons,  rang- 
ing in  grade  from  0.05  to  5.0  percent  cobalt. 

In  1953,  the  domestic  sources  of  commercial  cobalt 
in  the  United  States  were  as  follows :  ( 1 )  the  Cornwall 


mine  of  the  Bethlehem  Steel  Campany,  Cornwall,  Penn- 
sylvania, (2)  the  Blackbird  mine  of  the  Calera  Mining 
Company,  Blackbird  district,  Idaho,  (3)  Sullivan  Mining 
Company,  Kellogg,  Idaho,  which  recovers  cobalt  from 
zinc  ores  mined  from  their  deposits  in  the  Coeur  d  'Alene 
district,  and  (4)  the  St.  Louis  Smelting  and  Refining 
Division  of  the  National  Lead  Company,  which  treats 
ores  from  deposits  in  the  Fredericktown  area  in  the 
southeastern  Missouri  lead  district. 

At  the  Cornwall  mine,  cobaltiferous  magnetite  occurs 
at  the  contact  of  a  diabase  sill  with  Triassic  calcareous 
shale.  The  magnetite  has  been  mined  for  many  years  for 
its  iron  content,  but  the  cobalt  was  not  recovered  com- 
mercially until  1940.  The  cobalt  ore  at  the  Blackbird 
mine  of  the  Calera  Mining  Company,  Idaho,  occurs  as 
replacement  bodies  in  shear  zones  in  the  primary  min- 
eral— cobaltite ;  also  as  the  pink  and  green  secondary 
cobalt  minerals — erythrite  and  annabergite,  respectively. 
The  ore  carries  about  0.6  to  0.8  percent  cobalt,  about 
twice  as  much  copper,  and  some  gold  and  nickel.  Al- 
though the  presence  of  cobalt  in  the  Blackbird  district 
was  known  as  early  as  1895,  it  was  not  produced  com- 
mercially until  1918.  In  1951,  the  Calera  Mining  Com- 
pany completed  a  concentrator  and  began  shipments  of 
concentrates  to  the  company  refinery  at  Garfield,  Utah. 
In  1953,  the  first  cobalt  granules  were  produced  at  this 
smelter  and  averaged  about  95.5  percent  cobalt  and  4 
percent  nickel.  The  reserves  of  cobalt  at  the  Blackbird 
district  are  large,  and  in  the  latter  part  of  1949,  more 
than  1,743,000  tons  of  ore  containing  0.74  percent  cobalt 
and  1.59  percent  copper  were  blocked  out  (Davis,  et  al., 
1952,  p.  VI-42).  The  Calera  Mining  Company  was  the 
chief  domestic  producer  of  cobalt  in  1953  (Davis  and 
Buck,  1953,  p.  2). 

The  cobalt  recovered  in  1953  by  the  Sullivan  Mining 
Company,  Kellogg,  Idaho,  was  obtained  iat  its  electro- 
lytic zinc  plant. 

Cobalt  has  been  produced  intermittently  since  1910 
from  the  Fredericktown  area  in  the  southeastern  Mis- 
souri lead  district.  Here  sulfides  of  cobalt  and  nickel  are 
associated  with  sulfides  of  iron,  lead,  and  copper  in  Cam- 
brian carbonate  rocks.  In  1953,  the  reserves  of  cobalt 
ore  at  the  property  of  the  St.  Louis  Smelting  and  Refin- 
ing Division  of  the  National  Lead  Company,  the  princi- 
pal cobalt  producer  in  the  Fredericktown  area,  were 
reported  to  be  in  excess  of  4,000,000  tons  carrying  2.29 
percent  lead,  1.43  percent  copper,  0.46  percent  nickel, 
and  0.28  percent  cobalt  (Davis,  Moore  and  Vhay,  1952, 
p.  VI-44). 

Localities  in  California.  A  few  tons  of  cobalt  ore 
were  mined  at  the  Mar  John  property  in  Calaveras 
County  in  1924,  but  were  not  marketed.  A  sample  of 
cobalt  ore  taken  from  mineralized  zones  in  a  roof  pen- 
dant of  pre-Cretaceous  schist,  marble,  and  lime  silicate 
hornfels  on  Long  Lake,  Inyo  County,  was  found  to  con- 
tain 0.88  percent  cobalt,  0.69  percent  copper,  and  0.11 
percent  nickel.  A  four-inch  quartz  vein  in  a  shallow  adit 
assayed  0.53  percent  cobalt  (Davis,  Moore  and  Vhay, 
1952,  p.  VL38). 
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MEXICO 


Figure  1.     Map  showing  cobalt  occurrences  in  southern  California.  1,  Long  Lake  area,  Inyo  County; 
2,  Julian-Cuyamaca  area,  San  Diego  County. 


At  the  Friday  mine,  Julian-Cuyamaca  area,  San  Diego 
County,  as  much  as  0.15  percent  cobalt  is  present  in  the 
massive  sulfides  which  consists  principally  of  pyrrhotite 
with  minor  amounts  of  ehalcopyrite,  pentlandite,  pyrite, 
and  violarite.  The  massive  sulfides  form  an  irregular 
body  replacing  the  Cuyamaca  gabbro  (Mesozoic),  at  the 
contact  between  the  gabbro  and  a  large  inclusion  of 
schist  (see  section  on  pyrites  for  discussion  of  the  Fri- 
day ore  body)  (Creasy,  1946,  pp.  24-27). 

Recovery.  Medium-  to  high-grade  cobalt  ores,  rang- 
ing from  4  to  12  percent  cobalt,  are  fed  directly  into  the 
smelter.  Low-grade  ores,  containing  less  than  4  percent 
cobalt,  and  those  whose  metallic  components  are  in  the 
oxidized  state  are  concentrated.  They  are  treated  either 
by  bulk  flotation,  or  by  washing,  picking  and  jigging; 
the  treatment  depending  upon  the  nature  of  the  ore.  The 
middlings  are  subjected  to  flotation.  The  recovery  of 
cobalt  from  its  ores  is  a  complex  metallurgical  process 
involving  stages,  different  pieces  of  equipment  and  re- 
agents. In  general,  the  concentrated  ore  is  roasted  to  pro- 
duce an  alloy,  matte,  or  speiss,  depending  upon  the  type 
of  ore.  This  product  is  then  refined  by  involved  chemical 
or  electro-chemical  methods. 

Utilization.  Cobalt  is  a  metal  which  combines  readily 
with  iron,  nickel,  aluminum  and  copper  to  form  magnets 


and  high  temperature  alloys,  and  with  other  chemicals 
to  produce  cobalt  salts  and  driers,  both  of  which  have 
innumerable  uses  in  the  manufacture  of  paints,  varnishes 
and  colored  glasses. 

The  largest  single  use  for  cobalt  is  for  cobalt- 
chromium-tungsten-molybdenum  alloys  which,  in  1953, 
accounted  for  21  percent  of  the  total  consumed.  High 
temperature  alloys  that  contain  cobalt  as  one  of  the  prin- 
cipal constituents  have  many  uses,  depending  upon  the 
composition  of  the  alloy.  Vitallium  (Co  =  64%,  Cr  = 
27%,  Ni  =  2%,  and  Mo  =  5%)  is  used  for  various  parts 
of  jet  engines,  turbosuperchargers,  and  gas  turbines.  An- 
other alloy  manufactured  by  the  General  Electric  Com- 
pany, referred  to  as  HS-23  61  Nr-60  (Co  =  66%,  Cr  = 
28%,  and  W  =  6%)  is  used  for  blades  for  jet  engines 
and  locomotive  turbines. 

Permanent  magnets  are  used  in  many  types  of  electri- 
cal meters,  regulating  devices,  switching  appliances,  re- 
lays, and  in  the  laboratory  to  separate  magnetic  from 
non-magnetic  materials.  They  are  composed  of  several 
metals  in  varying  proportions,  ranging  from  5  to  50 
percent  cobalt,  6  to  12  percent  aluminum,  14  to  45  per- 
cent nickel,  38  to  63  percent  iron,  3  to  50  percent  copper, 
and  minor  amounts  of  titanium,  vanadium,  manganese, 
molybdenum  and  chromium. 


Cobalt — Chesterman 
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FiGUKE  2.     Flow  sheet  of  cobalt  production  from  concentrates  from  Blackbird  mine,  Forney,  Idaho. 

(After  Davis,  Moore,  and  Vhay,  1952.) 
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furnace  acts  as  small  batch  rotating  kiln 

Figure  3.  Flow  sheet  of  cobalt  production  of  Pyrites  Co., 
Wilmington,  Del.  (After  Young,  19^8.) 

The  rest  of  the  cobalt  consumed  in  the  United  States 
(37  percent  in  1953),  is  used  principally  in  steel  alloys, 
especially  high-speed  steels,  and  for  the  manufacture  of 
various  salts,  driers  and  pigments.  In  the  ceramic  in- 
dustry, cobalt  is  used  in  the  manufacture  of  ground 
coats  for  porcelain  enamelware.  Cobalt  oxide  is  used  for 
this  purpose  as  it  produces  the  best  bond  at  the  steel- 
enamel  interface.  Considerable  cobalt  is  also  used  in  the 
manufacture  of  blue  glass  for  medicine  bottles.  In  addi- 
tion, cobalt  oxide  is  used  to  counteract  the  yellow  stain 
imparted  to  ceramic  bodies  by  iron  in  the  clay. 

Cobalt  is  used  in  the  manufacture  of  fast-drying 
paints    and   enamels.    Driers    are    essentially    catalysts 


added  to  drying  oils  to  accelerate  their  oxidation  and 
polymerization.  Cobalt  is  also  used  as  a  catalyst  in  many 
organic  chemical  reactions,  such  as  some  hydrocarbon 
cracking  processes  (Davis,  Moore  and  Vhay,  1952,  pp. 
x-3tox-18). 

Marketing.  The  problems  relating  to  the  marketing 
and  distribution  of  cobalt  metal  in  the  United  States 
are  few  and  simple,  since  there  are  just  a  few  sources  of 
the  metal.  For  the  past  few  years  the  price  for  metallic 
cobalt  has  shown  very  little  fluctuation  and  deliveries 
generally  are  made  on  contract  basis.  In  Canada,  on  the 
other  hand,  the  Deloro  Smelting  and  Eefining  Company 
purchases  silver-cobalt  ores  and  concentrates  from  mines 
in  northern  Ontario  on  an  established  schedule  (Davis, 
Moore,  and  Vhay,  1952,  p.  IV-4-5).  The  cobalt-bearing 
concentrates  shipped  from  Calera  Mining  Company's 
mine  in  the  Blackbird  district,  Idaho,  to  their  refinery  at 
Garfield,  Utah,  contain  at  least  17  percent  cobalt,  25  per- 
cent arsenic,  25  percent  iron,  and  trace  amounts  of 
nickel,  copper,  gold,  and  silver. 

Cobalt  metal  is  marketed  in  the  United  States  as  ron- 
delles,  granules,  powder,  and  fines.  The  cobalt  granules 
are  not  sold  to  any  particular  specification  as  to  screen 
size.  All  of  the  cobalt  fines  marketed  in  the  United  States 
are  used  as  raw  material  for  the  manufacturing  of  salts 
and  driers.  The  production  of  cobalt  powder  is  small. 
Most  consumers  prefer  to  purchase  the  metal  or  oxide 
and  manufacture  their  cobalt  powder  to  meet  their  own 
specifications. 

The  price  of  metallic  cobalt  has  ranged  from  $1.00  to 
$6.00  per  pound  during  the  past  50  years;  averaging 
about  $2.00  per  pound.  The  low  of  $1.00  per  pound  ex- 
isted for  a  short  time  after  rich  cobalt  ores  were  found 
in  Ontario.  The  high  of  $6.00  per  pound  was  in  effect 
during  the  postwar  boom  of  1920-21.  In  November  1955 
the  price  of  cobalt  metal  (97  to  99  percent,  and  in  500 
to  600  pound  containers)  was  $2.60  per  pound,  f.o.b. 
New  York,  or  Niagara  Palls,  N.  Y.  The  price  of  ceramic- 
grade  cobalt  oxide  (72|  to  73|  percent  cobalt,  in  350 
pound  containers)  was  $1.98J  per  pound  west  of  the 
Mississippi  Eiver  (E  &  M  J  Metal  and  Mineral  Markets, 
November  10,  1955,  pp.  5-6). 

BIBLIOGRAPHY 

Davis,  H.  W.,  1956,  Mineral  facts  and  problems:  U.  S.  Bur. 
Mines  Bull.  556,  pp.  203-212. 

Davis,  H.  W.,  Moore,  P.  N.,  and  Vhay,  J.  S.,  1952,  Materials 
survey — cobalt,  U.  S.  Bureau  of  Mines. 

Davis,  H.  W.,  and  Buck,  Charlotta  R.,  1953,  Cobalt— U.  S.  Bur. 
Mines  Tearbook  (preprint). 

Gay,  T.  E.  Jr.,  and  Hoffman,  S.  R.,  1954,  Mines  and  minerals 
deposits  of  Los  Angeles  County,  California :  California  Jour.  Mines 
and  Geology,  vol.  50,  nos.  3  and  4. 

Laizure,  C.  McK,  1928,  San  Francisco  field  division — Madera 
County :  California  Bur.  of  Mines  Kept.  24,  pp.  317,  345. 

Logan,  C.  A.,  1925,  Sacramento  field  division — Calaveras 
County:  California  Bur.  Mines  Rept.  21,  pp.  135-172. 

Murdoch,  J.,  and  Webb,  R.  W.,  1956,  Minerals  of  California: 
California  Div.  Mines  Bull.  173. 

Young,  R.  S.,  1948,  Cobalt:  Am.  Chem.  Soc.  Mon.  108,  p.  48. 
Reinhold  Publishing  Corp.,  Xew  York. 


COPPER 

By  J.  C.  O'Brien 


About  631,000  short  tons  of  copper  have  been  obtained 
from  deposits  in  California  from  1860  through  1953. 
This  output  is  dwarfed  by  the  production  obtained  from 
the  large  copper  deposits  in  other  western  states,  but  it 
is  valued  second  only  to  gold  among  the  metals  produced 
in  the  state.  Prom  1896,  when  the  Shasta  County  mines 
and  smelters  were  first  active,  to  1930,  copper  produc- 
tion in  California  averaged  approximately  16,000  tons 
per  year.  The  low  prices  of  the  1931-36  period,  when 
copper  sold  from  5.55  to  9.47  cents  per  pound,  caused  a 
severe  drop  in  copper  output  and  the  production  has 
exceeded  10,000  tons  only  in  1944  when  the  Gray  Eagle 
mine  in  Siskiyou  County  and  the  Mountain  Copper 
Company,  Ltd.,  mine,  in  Shasta  County  were  active. 

The  depletion  of  developed  reserves  during  World 
War  II,  coupled  with  higher  operating  costs  and  the 
necessity  of  shipping  copper  ores  and  concentrates  out- 
side of  the  state  for  treatment  are  the  principal  reasons 
for  the  relative  quiescence  of  the  copper  industry  in 
California  during  recent  years.  In  1951  and  1952,  de- 
spite exploration  for  copper  ore  notably  in  Amador, 
Calaveras,  El  Dorado,  and  Shasta  Counties,  the  produc- 
tion of  copper  in  the  state  was  obtained  largely  from 
ores  mined  primarily  for  other  metals,  chiefly  zinc  and 
tungsten.  The  output  in  1952  amounted  to  800  short 
tons  valued  at  $387,200. 

In  1952,  92  percent  of  the  total  production  of  copper 
in  California  was  obtained  from  three  sources — the 
Afterthought  mine  in  Shasta  County,  the  Penn  mine  in 
Calaveras  County  and  the  Pine  Creek  tungsten  mine  in 
Inyo  County.  The  balance  was  recovered  from  ores 
mined  in  Kern,  Madera,  Nevada,  Riverside,  San  Ber- 
nardino and  Tulare  Counties,  and  as  cement  copper 
precipitated  from  the  mine  water  at  the  Hornet-Rich- 
mond mine  in  Shasta  County  and  the  New  Penn  mine 
in  Calaveras  County. 

Mineralogy.  Only  16  of  about  150  known  copper 
minerals  are  considered  to  be  of  economic  importance 
and  six  of  these  have  been  the  source  of  95  percent  of 
the  copper  mined  in  North  America.  Copper  ores  can 
be  conveniently  divided  into  four  main  groups,  the  sul- 
fide ores,  the  oxidized  ores,  the  complex  ores,  and  native 
copper  ores.  Most  of  the  world's  copper  is  derived  from 
the  sulfide  group  of  which  chalcopyrite  (CuPeS2)  and 
chalcocite  (CU2S)  are  the  most  abundant  species.  In 
the  United  States  the  sulfide  ores  yield  from  80  to  90 
percent  of  the  new  copper  production. 

Chalcopyrite,  sometimes  designated  as  "copper  py- 
rite"  or  "fool's  gold,"  contains  34.5  percent  copper 
when  pure.  It  is  brass  yellow  in  color,  has  a  greenish- 
black  streak  and  is  softer  than  pyrite.  It  can  be  distin- 
guished from  gold  by  its  greater  hardness  and  brittle- 
ness.  It  tarnishes  to  a  purple  sheen.  Chalcocite  contains 
79.8  percent  copper  when  pure  and  is  the  most  abundant 
copper  mineral  in  the  huge  open  pit  mines  in  this  coun- 
try. It  is  a  dark  lead-gray  mineral,  can  be  cut  smoothly 
with  a  knife,  and  has  a  dull  black  or  bluish  tarnish  which 
gives  it  the  name  of  ' '  sooty  copper  "  or  "  copper  glance. ' ' 
It  commonly  is  found  as  a  secondary  mineral  in  the  en- 


riched sulfide  zone  of  copper  deposits,  but  it  also  is 
known  to  occur  as  a  primary  mineral. 

Bornite  (Cu5PeS4),  sometimes  called  "peacock  ore" 
because  of  its  peculiar  purple  tarnish,  contains  63.3  per- 
cent copper  when  pure.  Other  sulfide  minerals  include 
covellite  (CuS),  distinguished  by  its  indigo  blue  color 
which  turns  purple  when  wet;  enargite  (CU3AS5S4),  a 
grayish  black  mineral  which  commonly  occurs  in  col- 
umnar masses  and  can  be  distinguished  from  stibnite  by 
its  darker  color;  and  tetrahedrite  (CugSboSr),  sometimes 
called  "gray  copper"  because  of  its  dark  iron  gray 
color.  Tetrahedrite  commonly  shows  various  amounts  of 
iron,  zinc,  and  silver.  Massive  tetrahedrite  can  be  distin- 
guished from  chalcocite  because  it  is  brittle  and  chalco- 
cite is  sectile. 

The  oxidized  copper  minerals  include  malachite 
(CuCOsCu (011)2),  an  emerald  green  mineral  with  a 
pale  green  streak;  azurite  (2CuC03Cu(OH)2),  an  azure 
blue  mineral  with  a  light  blue  streak ;  and  cuprite  (CuoO) 
whose  color  is  dark  red  and  brownish  red  to  ruby  red. 

The  green,  blue,  and  red  colors  of  the  oxidized  copper 
minerals  commonly  stain  outcrops  over  extensive  areas 
and  suggest  that  the  copper  deposits  are  much  larger  and 
richer  than  they  actually  are.  Such  outcrops  should  be 
sampled  carefully  before  the  development  of  the  deposit 
is  attempted.  The  oxidized  copper  ores  and  native  copper 
have  not  proved  to  be  of  commercial  importance  in  Cali- 
fornia. 

In  the  copper  deposits  of  California,  chalcopyrite  is 
the  chief  copper  mineral ;  bornite,  chalcocite,  and  tetra- 
hedrite are  characteristically  subordinate.  Pyrite  or 
pyrrhotite  and  the  iron-bearing  sphalerite  generally  are 
associated  with  the  copper  ores.  Galena,  magnetite,  and 
ilmenite  commonly  also  are  present.  Malachite,  azurite, 
cuprite,  and  native  copper  are  found  in  some  deposits, 
but  they  have  not  been  important  ore  minerals.  In  some 
deposits  chalcopyrite  and  sphalerite  are  present,  each  in 
commercial  amounts,  and  they  must  be  separated  to  be 
marketable.  The  copper  and  zinc  minerals  are  so  inti- 
mately associated  in  Shasta  County  that,  previous  to 
1925,  deposits  containing  as  much  as  16  percent  zinc,  2 
percent  copper  and  5  ounces  of  silver  per  ton  were  left 
as  unprofitable  to  mine.  Progress  in  the  technique  of 
selective  flotation  now  makes  it  possible  to  make  market- 
able concentrates  of  both  the  copper  and  zinc  sulfides 
from  these  complex  ores.  Since  1942,  zinc  recovered  from 
such  ores  in  California  has  exceeded  the  amount  of 
copper  recovered. 

Geologic  Occurrence.  Most  large  copper  deposits  are 
of  hydrothermal  origin  and  are  genetically  related  to 
igneous  rocks.  Replacement,  in  general,  has  been  a  more 
important  factor  in  the  formations  of  deposits  than  has 
simple  cavity  filling.  In  most  deposits,  both  processes 
have  been  active.  Deposits,  commonly  known  as  the 
"porphyry  coppers,"  which  consist  of  copper  minerals 
disseminated  in  extensive  alteration  zones  in  granitic 
rocks,  now  yield  about  75  percent  of  all  of  the  copper 
mined  in  the  United  States.  Such  deposits  characteristic- 
ally contain  ^  to  2  percent  copper  in  ore  bodies  that  are 
measurable  in  millions  of  tons  to  hundreds  of  millions 
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LIST  OF  DEPOSITS 


NO.  NAME 

1  .  Copper  Hill 

2  .  Newton 

3.  Big  Bend 

4.  Keystone  Union,  N. 
_    ,,       ,        Keystone 

5.  Napoleon 

6.  Penn 

7.  Ouoil  Hill 

8.  Copper  King 

9.  Fresno 

10.  Pine  Creek 
I  I.  Daulton 

12.  Spenceville 

13.  Dairy  Farm 

14.  Valley  View 

15.  Engels 

I  6,  Superior 


NO,         NAME 

17.  Walker 

18.  Copper  World 
19. Bagdad-Chase 
20.  Afterthought 
21  .  Baloklolo 

22.  Bully  Hill 

23.  Hornet 

24.  Iron  Mountain 

25.  Keystone 

26.  Mammoth 

27.  Rising  Star 

28.  Shasta  King 

29.  Sutro 

30.  Blue  Ledge 
3  I.  Gray  Eagle 

32.  Island   Mountain 


Figure  1.     Outline   map   of   California   showing  locations   of   mines   that   have   a 
recorded  production  of  more  than  a  million  pounds  of  copper  each. 
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Map  list. 

California  mines  that  have  produced  more  than  a  million  pounds 
of  copper  prior  to  January  1953,  arranged  alphabetically  by  coun- 
ties. 


Map 


1. 
2. 


11. 
12. 


13. 
14. 


15. 
16. 
17. 

18. 


20. 
21. 
22. 

23. 
24. 
25. 
26. 

27. 
28. 
29. 


30. 
31. 

32. 


County 


Amador        . 

Copper  Hill 

Newton 

Butte 
Big  Bend 

Calaveras 
Keystone-Union,    North 

Keystone 

Napoleon 

Penn 

Quail  Hill - 

Fresno 

Copper  King 

Fresno 

Inyo 
Pine  Creek 

Madera 
Daulton 

Nevada 
Spenceville 

Placer 

Dairy  Farm 

Valley  View 

Plumas 
Engels 

Superior 

Walker 

San  Bernardino 
Copper  World 

Shasta 

Afterthought 

Balaklala 

Bully  Hill 

Hornet 

Iron  Mountain 

Keystone 

Mammoth 

Rising  Star 

Shasta  King 

Sutro 

Siskiyou 
Blue  Ledge.. 

Gray  Eagle 

Trinity 
Island  Mountain 


Section 
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of  tons.  They  can  be  mined  only  by  very  large-scale  open 
pit  methods.  Ore  is  concentrated  in  huge  flotation  plants 
and  the  copper  recovered  in  nearby  smelters.  Such  opera- 
tions exist  in  Arizona,  Utah,  New  Mexico  and  Nevada, 
but  no  mineable  porphyry  copper  deposits  have  yet  been 
discovered  in  California. 

Copper  deposits  that  have  undergone  supergene  en- 
richment form  a  very  important  group  of  ores.  In  these 
deposits,  copper  minerals  are  leached  from  the  zone  of 
oxidation,  carried  downward  in  solution,  and  deposited 


below  the  water  table,  and  thus  enrich  the  primary  ores. 
Some  supergene  ore  is  generally  present  in  most  copper 
deposits,  but  it  has  been  important  in  only  a  few  of  the 
California  deposits  that  have  been  developed  to  date. 
The  possibility  of  supergene  ores  at  moderate  depth 
beneath  the  surface  must  always  be  considered.  A  small 
and  marginal  grade  deposit  at  the  surface  may  become 
larger  and  richer  with  depth. 

Occurrences  in  California.  Most  of  the  copper  pro- 
duced in  California  has  been  obtained  from  three  dis- 
tricts :  one  in  Shasta  County,  another  in  Plumas  County, 
and  a  third  in  the  Sierran  Foothill  belt  which  includes 
Butte,  Yuba,  Nevada,  Placer,  El  Dorado,  Amador,  Cal- 
averas, Tuolumne,  Mariposa,  Madera  and  Fresno  Coun- 
ties. Other  counties  that  have  contributed  significant 
amounts  of  copper  are  Siskiyou,  San  Bernardino,  Inyo 
and  Trinity. 

Almost  all  of  the  primary  copper  deposits  in  Califor- 
nia have  formed  as  veins  or  replacement  deposits  in  igne- 
ous or  metamorphic  rock.  Most  of  the  copper  deposits  in 
Shasta  County  consist  of  chalcopyrite  which,  with  py- 
rite  and  sphalerite,  has  replaced  metamorphosed  por- 
phyritic  rhyolite  flows.  Some  of  these  deposits  are 
bodies  of  massive  pyrite  with  chalcopyrite  and  sphalerite 
present  along  their  borders.  In  others  the  sulfide  min- 
erals are  disseminated  in  schist  or  occur  as  veins  or  re- 
placement deposits  in  schist  or  limestone. 

The  copper  deposits  of  Plumas  County  have  formed  as 
hydrothermal  alterations  of  igneous  and  metamorphic 
rocks  and  commonly  occur  along  contacts  between  two 
igneous  masses  or  an  igneous  and  metamorphic  mass. 
Tourmalinization  of  the  wall  rock  is  common.  Zinc  min- 
erals are  not  abundant. 

' '  The  copper  deposits  of  the  Foothill  belt,  of  which  the 
most  important  part  is  in  Calaveras  County,  are  replace- 
ment deposits  in  hydrothermally  altered  metamorphic 
rocks,  mainly  metavolcanics.  The  ore  bodies  generally  lie 
along  steep  faults  within  or  at  the  contact  of  silicified, 
sericitized  and  pyritized  zones.  Most  of  the  deposits  of 
the  Foothill  belt  contain  both  chalcopyrite  and  sphaler- 
ite. The  commonly  associated  metallic  mineral  is  pyrite, 
but  where  the  metamorphism  in  the  country  rock  is 
middle  or  high-grade,  as  in  Madera  County,  pyrrhotite  is 
present,  in  places  exceeding  pyrite  in  abundance."  (Eric, 
1948,  p.  209) 

The  Iron  Mountain  and  Mammoth  mines  of  Shasta 
County;  the  Walker  and  Engels  mines  of  Plumas 
County;  and  the  Penn  and  Keystone-Union  mines  of 
Calaveras  County  described  in  the  following  paragraphs 
have  been  the  principal  sources  of  copper  in  California. 
The  Afterthought  mine,  Shasta  County,  and  the  Penn 
mine,  Calaveras  County,  were  the  principal  sources  in 
1952.  Smaller  lots  of  copper-bearing  ore  were  also 
shipped  from  the  Reward  mine,  Inyo  County;  the  Bag- 
dad Chase  mine.  Turtle  Mountain  group,  and  the  Blue 
Silver  mine  all  of  San  Bernardino  County  and  from 
numerous  other  widely  distributed  properties.  Copper 
concentrates  derived  from  the  Pine  Creek  tungsten  mine, 
Inyo  County,  and  the  Hoffman  Estate  tailings,  San  Ber- 
nardino County,  were  marketed  in  1952.  The  Hornet- 
Richmond  mine  water,  Shasta  County,  also  yielded  cop- 
per precipitates. 

The  Iron  Mountain  mine,  which  is  owned  and  operated 
by  the  Mountain  Copper  Company,  Limited,  is  in  Shasta 
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Figure  2.     Map  showing  location  of  West  Shasta  copper-zinc  dis- 
trict and  its  generalized  geologic  setting. 

County,  about  12  miles  northwest  of  Redding.  The  ore 
bodies,  which  lie  along  a  belt  that  is  about  li  miles  long, 
are  generally  lenticular  and  moderately  to  gently  dip- 
ping. They  are  composed  almost  entirely  of  sulfide  min- 
erals which  occur  along  zones  of  breccia  in  a  porphyritic 
variety  of  Balaklala  rhyolite  of  Middle  Devonian  age. 
The  brecciation  probably  was  an  effect  of  the  cooling  of 
the  rhyolite.  The  ore-bearing  solutions  caused  the  broken 
rhyolite  to  be  replaced  with  the  massive  sulfide  deposits 
which  consist  mostly  of  pyrite  and  also  contain  chalco- 
pyrite  and  sphalerite,  silver  and  gold.  Within  the  mas- 
sive sulfide  ore  bodies,  replacement  is  almost  complete 
and  they  are  in  sharp  contact  with  unreplaced  rhyolite. 
"All  the  massive  sulfide  ore  contains  some  copper  and 
zinc,  but  mineable  bodies  of  copper-zinc  ore  are  closely 
associated  with  feeder  channels  along  faults  that  existed 
prior  to  formation  of  the  ore.  The  ore  bodies  range  in 
size  from  a  few  thousand  tons  to  more  than  5,000,000 
tons.  Tuff  and  agglomerate  layers,  which  also  occur  in 
the  rhyolite,  appear  to  have  been  unfavorable  for  ore 
deposition"  (Kinkel  and  Albers,  1951,  p.  3). 


The  development  of  separate  bodies  of  sulfide  ore  le 
to  the  naming  of  individual  ore  bodies  as  different  mines, 
although  they  were  all  mined  as  one  operation  by  the 
Mountain  Copper  Company,  Limited.  Thus  the  Old  Mine, 
Number  8,  Richmond,  Mattie  and  Hornet  mines  are  sepa- 
rate, and  were  all  worked  at  different  times,  but  all  are 
part  of  the  Iron  Mountain  mine.  The  Mountain  Copper 
Company,  Limited,  has  been  mining  at  Iron  Mountain 
since  1896.  It  has  produced  copper  from  direct  smelting 
ore,  from  sulfide  flotation  concentrate,  by  leaching  cin- 
ders produced  in  roasting  pyrite  for  its  sulfur  content, 
and  by  precipitation  from  mine  water.  The  copper  pro- 
duced from  direct  smelting  ore  amounted  to  197,951,738 
pounds  by  the  end  of  1919,  but  figures  are  not  available 
for  the  total  copper  produced  since  that  date.  After  1919 
the  principal  periods  of  copper  production  were  in  1925, 
1928-1930,  and  1943-1947.  Pyrite  has  been  mined  at  Iron 
Mountain  since  1907,  and  since  the  copper-zinc  flotation 
plant  was  shut  down  in  1947  pyrite  has  been  the  only 
ore  mined  at  Iron  Mountain  (see  section  on  pyrites  in 
this  volume). 

The  Old  Mine  sulfide  lens  yielded  1,608,000  tons  of 
massive  sulfide  ore  which  averaged  7.5  percent  copper, 
1.0  ounce  of  silver,  and  0.04  ounce  of  gold  to  the  ton 
but  this  ore  was  enriched  by  secondary  copper  minerals. 
The  zinc  content  of  this  ore  body  is  reported  by  the 
staff  to  have  been  more  than  2  percent  and  may  have 
been  as  much  as  5  percent.  A  zone  of  disseminated  chal- 
copyrite  underlying  the  Old  Mine  massive  sulfide  lens 
(the  Number  8  mine)  yielded  eight  hundred  and  twenty 
thousand  tons  of  ore  containing  3.5  percent  copper,  0.001 
ounce  of  gold  and  0.04  ounce  of  silver  per  ton.  The  zinc 
content  of  the  disseminated  copper  ore  was  very  low. 
About  380,000  tons  of  ore  mined  from  the  Richmond 
and  Mattie  ore  bodies  averaged  2.0  percent  copper  and 
3.5  percent  zinc  (Kinkel  and  Albers,  1951,  p.  8). 
Minor  copper-bearing  sulfides  occurred  along  the  bor- 
ders of  the  Hornet  massive  pyrite  deposit. 

A  selective  flotation  plant  built  near  the  portal  of 
the  Richmond  adit  was  operated  from  July  5,  1943  to 
June  30,  1947  on  ore  mined  from  the  Richmond  and 
Mattie  ore  bodies.  It  produced  a  copper  concentrate  that 
assayed  about  13.7  percent  copper  and  a  zinc  concen- 
trate assaying  about  54.65  percent  zinc.  Many  varia- 
tions in  the  character  of  the  ore  contributed  to  metal- 
lurgical difficulties.  Considerable  oxidation  occurred  to 
the  copper  minerals  along  cleavage  planes  forming  some 
water  soluble  sulfates,  and  a  high  percentage  of  mar- 
matite,  which  showed  a  wide  range  in  iron  content,  con- 
tributed to  the  difficulty  in  the  zinc  circuit.  (Kett,  1947, 
p.  141)  Nevertheless,  an  extraction  of  over  80  percent 
copper  and  from  55  to  60  percent  zinc  was  obtained. 

Supergene  enrichment  occurred  only  in  the  Old  Mine 
ore  body,  and  residual  concentrations  of  silver  and  gold 
minerals  were  left  in  the  oxidized  zone.  A  large  part  of 
this  oxidized  zone  or  gossan  was  mined  by  means  of  an 
open  pit  between  1929  and  1942  and  the  gold  and  silver 
was  recovered  by  cyanidation.  In  June  1938,  the  cyanide 
plant  treated  22,434  tons  of  ore  which  averaged  0.0548 
ounce  of  gold  and  0.1434  ounce  of  silver  per  ton.  (Aver- 
ill,  1939,  p.  330)  All  gossan  mining  ceased  in  Febru- 
ary 1942. 

The  Mammoth  mine  is  in  the  West  Shasta  copper-zinc 
district  13  miles  northwest  of  Redding.  During  its  period 
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Figure  3.     Section  through  Shasta  King  mine. 


of  operation  from  1905  to  1925,  the  mine  yielded  3,311,- 
145  tons  of  direct  smelting  copper  ore,  and  84,000  tons 
of  high-grade  zinc  ore  (Kinkel  and  Hall,  1952,  p.  3). 
The  ore  averaged  3.95  percent  copper,  4.62  percent  zinc, 
0.039  ounce  of  gold,  and  2.32  ounces  of  silver  per  ton. 
The  ore  bodies  are  flat-lying  and  tabular  and  consist  of 
massive  pyrite  that  contains  chaleopyrite  and  sphalerite 
and  minor  amounts  of  gold  and  silver.  The  ore  bodies 
have  replaced  Balaklala  rhyolite  of  Middle  Devonian 
age  along  the  crest  of  an  elongated  domelike  arch.  They 
occur  at  the  base  of  a  coarsely  porphyritic  phase  of  the 
rhyolite.  The  mineralizing  solutions  centered  along  pre- 
mineral  faults  that  acted  as  feeder  fissures.  The  known 
ore  bodies  lie  in  a  zone  that  trends  N.  60°  E.,  is  about 
4,200  feet  in  exposed  length  and  is  1,000  feet  wide  in  its 
central  part.  Mineable  ore  bodies  occur  throughout  the 
ore  zone,  but  the  entire  zone  is  not  ore.  Individual  stopes 
have  a  maximum  horizontal  dimension  of  900  feet  by  500 
feet  and  the  maximum  thickness  of  ore  is  110  feet. 

The  United  States  Smelting,  Refining  and  Mining 
Company  acquired  the  Mammoth  mine  in  1904,  began 
large  scale  mining  operations  in  1905,  and  built  a  smelter 
at  Kennett  to  recover  copper  but  no  provision  was  made 
to  recover  zinc.  The  mine  was  worked  continuously  to 
1919,  but  was  closed  from  1919  to  1923.  Late  in  1923, 
operations  were  resumed  and  continued  to  1925.  No  ore 
has  been  mined  since  1925.  Some  ore  bodies  that  con- 
tained high  percentages  of  zinc  were  mined  and  the  ore 
shipped  to  smelters  in  the  Midwest  during  World  "War  I 
and  some  zinc  was  recovered  in  an  electrolytic  plant  in 
1917  and  1918.  The  accumulated  flue  dust  stockpiled  at 
the  smelter  site  was  shipped  to  a  smelter  in  Utah  in  1947. 

The  Walker  mine  is  in  Plumas  County,  about  10  miles 
southeast  of  Genesee.  For  several  years  after  the  end  of 
World  War  I,  it  was  the  prindpal  source  of  copper  in 


California,  but  the  known  ore  reserves  have  been  mined 
out  and  the  property  was  shut  down  in  October  1941. 
The  ore  bodies  occurred  in  wide  quartz  veins  that  cut 
fine-grained,  black  andalusite-granite  schist  and  cordier- 
ite  hornfels  near  the  contact  of  these  rocks  with  intrusive 
quartz  diorite  (Eric,  1948,  pp.  208-209).  The  main  vein 
strikes  N.  25°  to  30°W.  and  dips  from  32°  to  70°E.  It 
can  be  traced  on  the  surface  for  more  than  a  mile,  but 
the  barren  white  quartz  gives  little  indication  of  the 
large  ore  bodies  which  lie  underneath.  Chaleopyrite  is  the 
principal  ore  mineral,  but  minor  amounts  of  chalcocite 
and  other  copper  minerals  are  also  present. 

The  ore  occurs  as  massive  bodies  of  chaleopyrite  in  the 
vein  quartz,  as  replacement  bodies  of  chaleopyrite  in  the 
wall  rock,  and  as  numerous  small  seams  of  chaleopyrite 
that  fill  shears  and  fractures  in  the  country  rock 
(Averill,  1937,  pp.  96-97)  The  property  has  been  exten- 
sively developed  by  vmderground  workings  and  by  dia- 
mond-drill holes.  The  7th  level  adit,  about  900  feet  below 
the  outcrop,  is  the  main  haulage  level.  The  first  3,000 
feet  of  the  adit  was  driven  north  through  granite.  The 
South  ore  body  was  cut  at  3,000  feet  from  the  portal  and 
the  adit  was  turned  northwest  to  follow  a  shear  zone. 
The  Central  ore  body  was  cut  at  3,550  feet,  the  North 
ore  body  at  4,850  feet,  the  712  ore  body  at  8,000  feet,  and 
the  Piute  ore  body  at  10,000  feet  from  the  portal.  These 
ore  bodies  range  in  length  from  600  feet  to  1,400  feet 
and  have  an  average  width  of  about  30  feet. 

The  shear  zones  between  the  ore  bodies  carry  some 
copper,  but  are  not  of  commercial  grade.  The  ore  was 
mined  by  shrinkage  stopes  leaving  pillars  to  support  the 
back  at  intervals  and  to  protect  the  levels.  Most  of  the 
pillars  were  recovered  later  by  drilling  long  holes  from 
service  drifts  and  blasting.  Raises  were  run  at  50-foot 
intervals  along  the  footwall  of  the  ore  bodies  and  from 
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level  to  level.  The  ore  bodies  beneath  the  7th  level  were 
mined  through  two  inclined  shafts  down  to  the  1,000-foot 
level  and  one  shaft  to  the  1,200-foot  level.  Ore  above  the 
7th  level  is  mostly  stoped  out. 

In  1931,  a  flotation  plant  at  the  mine  processed  432,294 
dry  tons  of  ore  which  averaged  1.6317  percent  copper, 
0.026  ounce  of  silver  and  0.0516  ounce  of  gold  per  ton. 
The  concentrate  averaged  25.187  percent  copper,  and 
90.49  percent  of  the  copper  content  of  the  ore  was  recov- 
ered (Averill,  1937,  pp.  102-103).  A  production  of 
7,248,128  pounds  of  copper,  166,581  ounces  of  silver  and 
10,938  ounces  of  gold  was  reported  for  1941  (O'Brien, 
1943,  p.  80). 

The  Engels  mine  is  about  15  miles  northeast  of  Green- 
ville in  Plumas  County.  Here,  the  ore  body  occurs  pri- 
marily in  diorite,  but  quartz  diorite,  microcline  aplite 
and  pegmatite  dikes  also  appear  in  the  underground 
workings.  The  ore  consists  of  disseminated  chalcopyrite 
and  bornite  in  sheared  diorite.  These  minerals  are  in 
roughly  parallel  bands  that  give  the  ore  a  streaked 
appearance.  These  bands  parallel  the  direction  of  the 
ore  body  which  trends  N.  60°  E.  with  a  very  steep  dip 
to  the  north.  The  shearing  appears  to  be  due  to  rock 
flowage  or  flow-cleavage.  In  the  main  ore  body,  the  bands 
may  be  narrow  and  scattered  throughout  the  width  of 
the  shear  zone;  but  frequently  there  is  a  concentration 
of  the  ore  into  one  or  two  bands,  one  to  three  feet  in 
width,  with  a  number  of  small  disseminated  bands  in  the 
remainder  of  the  zone.  Magnetite,  ilmenite,  biotite,  horn- 
blende, orthoclase,  tourmaline,  and  quartz  are  gangue 
minerals. 

The  ore  body  in  the  Engels  mine  has  been  worked  to  a 
vertical  depth  of  over  1,300  feet.  In  its  longest  part,  on 
the  7th  level,  it  has  a  length  of  800  feet  with  a  maximum 
width  of  100  feet  and  an  average  width  of  40  to  50  feet. 

The  mine  is  developed  by  a  series  of  10  adit  levels  of 
which  Number  10  adit  with  a  length  of  8,357  feet  is  the 
main  haulage  level.  A  shaft  sunk  from  this  adit  opens  up 
levels  11  to  15.  "Workings  total  about  12  miles  of  drifts, 
crosscut  and  raises  on  15  levels.  Mining  was  done  by 
shrinkage  stoping.  Some  stopes  were  as  much  as  600  feet 
long,  40  feet  wide  and  1300  feet  high  (Averill,  1928,  pp. 
276-277).  The  Engels  mine  had  its  most  active  years 
from  1915  to  mid-1930.  During  that  period,  4,692,229 
tons  of  ore  were  milled  from  which  161,526,229  pounds 
of  copper  were  recovered.  The  presence  of  gold  and 
silver  in  the  ore  added  much  to  its  value.  The  mine  and 
mill  have  since  been  dismantled  and  the  property  has 
been  idle  in  recent  years. 

The  Penn  mine  is  in  northwestern  Calaveras  County, 
about  3  miles  northwest  of  Valley  Springs.  The  ore 
bodies  are  sulfide  replacement  deposits  in  slightly  meta- 
morphosed Jurassic  volcanic  rocks  and  in  intrusive 
quartz  porphyry.  They  are  associated  with  alteration 
zones  that  show  the  effects  of  sericitization,  silicification, 
and  pyritization  superimposed  on  the  low-grade  meta- 
morphic  rocks.  The  ore  bodies  are  steeply  pitching  lenses 
at  the  margins  of  these  zones  and  along  faults  within 
them.  Near  the  Penn  mine  altered  rocks  are  distributed  in 
six  main  zones  which  trend  northwestward  and  as  much 
as  2,850  feet  long  and  225  feet  wide.  Their  downward 
extent  appears  to  be  at  least  as  great  as  their  length. 
The  ore  bodies  range  in  pitch  length  from  150  to  1,000 
feet;  in  bi-eadth  from  100  to  400  feet;  and  in  width 


from  4  to  30  feet  (Heyl  and  others,  1948,  p.  62).  The  ore 
minerals  consist  mostly  of  pyrite,  sphalerite,  and  chalco- 
pyrite. Small  proportions  of  bornite,  tetrahedrite,  and 
galena  are  also  present.  Gangue  minerals  are  barite, 
calcite,  and  quartz. 

More  than  79  million  pounds  of  copper  have  been  pro- 
duced from  the  Penn  mine  since  it  was  first  opened  in 
1861.  Prom  December  1943  to  the  end  of  1946  the  mine 
produced  83,555  tons  of  ore  which  averaged  2.05  percent 
copper,  5.58  percent  zinc,  7.89  percent  lead,  0.07  ounce 
of  gold  and  2.37  ounces  of  silver  per  ton.  The  ore  was 
concentrated  by  flotation  and  the  copper-lead  concen- 
trate was  shipped  to  Utah  for  smelting. 

The  Keystone-Union,  the  largest  mine  in  the  Copper- 
opolis  district  of  Calaveras  County,  includes  all  the 
underground  workings  that  are  appended  to  the  six 
shafts  known,  from  north  to  south,  as  the  Keystone- 
Discovery,  Keystone,  Union  No.  1,  Union  No.  2,  Union 
No.  3  and  South  Union  (Heyl,  1948,  pp.  106-108).  These 
workings  lie  along  a  2,000  foot  segment  of  a  mineralized 
zone  which  has  been  developed  to  a  maximum  depth 
of  approximately  1,350  feet  below  the  surface.  The 
ore  shoots  are  replacement  deposits  of  chalcopyrite  and 
pyrite  in  slates  and  metavolcanic  schists  of  probable 
Jurassic  age.  The  shoots  lie  in  a  zone  of  intense  chloriti- 
zation  that  trends  N.  38''  W.  and  dips  60°  NE.  The  zone 
is  adjacent  to  an  east-dipping  fault  that  is  marked  by  a 
well-developed  gouge  zone.  The  shoots  form  a  series  of 
irregular,  apparently  overlapping  lenses  commonly  ar- 
ranged en  echelon.  These  lenses  are  composed  of  inter- 
locking veinlets  and  irregular  streaks  and  masses  of 
chalcopyrite  and  pyrite.  The  boundaries  of  the  ore  shoots 
are  vague,  and  the  limits  of  the  mineable  materials  are 
determined  by  assays.  The  bodies  are  about  40  feet  in 
maximum  width,  about  15  feet  in  average  width,  and 
range  from  50  to  about  400  feet  in  maximum  dimensions. 
A  lenticular  mass  of  granodiorite  almost  2,000  feet  long 
and  up  to  240  feet  wide  is  exposed  about  200  feet  west 
of  the  mine.  Granodiorite,  however,  even  where  sheared 
and  chloritized,  appears  to  have  been  less  favorable  for 
penetration  and  replacement  by  copper-bearing  solutions 
than  were  slate  and  schist. 

Production  from  the  Keystone  and  Union  mines 
started  in  1861  and  by  1869,  the  properties  had  yielded 
125,739  tons  of  ore  assaying  10  percent  copper.  The  prop- 
erties were  worked  intermittently  until  1902  when  the 
Keystone  and  Union  mines  were  combined  and  operated 
as  a  unit.  The  mine  was  active  in  the  years  1902-1909, 
1911-1920,  1923-1927,  1929-1930  and  1942-1946.  The  total 
production,  1861-1946,  amounts  to  about  1,189,000  tons 
of  ore  which  yielded  approximately  72,600,000  pounds 
of  copper. 

The  United  States  Vanadium  Corporation's  Pine 
Creek  tungsten  mine  at  Bishop,  Inyo  County,  has  been 
the  chief  source  of  copper  in  California  since  1952.  At 
this  mine  chalcopyrite  is  associated  with  scheelite,  molyb- 
denite, silver  and  gold  in  ore  bodies  that  lie  along  the 
border  of  a  large  pendant  of  metamorphosed  sedimen- 
tary rocks  in  granite  rock  (see  sections  on  tungsten  and 
molybdenum  in  this  volume).  The  ore  body  varies  in 
width  from  15  to  50  feet  and  strikes  north  for  an  aggre- 
gate length  of  1,000  feet.  The  ore  averages  0.20  to  0.25 
percent  copper  and  a  copper  concentrate  carrying  a 
substantial  amount  of  silver  and  some  gold  is  obtained  as 
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a  by-product  from  ores  mined  chiefly  for  tungsten.  Copper 
is  also  produced  as  a  by-product  from  the  lead-zinc  group 
of  mines  at  Darwin  and  the  Shoshone  group  of  lead 
mines  at  Tecopa  operated  by  the  Anaconda  Copper  Min- 
ing Company.  At  Darwin,  chalcopyrite  and  tetrahedrite 
occur  with  galena  and  sphalerite  as  limestone-replace- 
ment or  fissure-filling  ore  bodies  in  Paleozoic  metamor- 
phic  rocks.  The  ore  bodies  of  the  Tecopa  district  consist 
mostly  of  lead  carbonate  with  subordinate  galena  and 
chalcopyrite.  These  have  formed  as  irregular  lenses  along 
a  gently  dipping  fault  plane  in  the  Cambrian  ( ?)  Noon- 
day dolomite. 

At  the  Bagdad-Chase  mine  south  of  Ludlow  in  San 
Bernardino  County  copper  is  produced  as  a  by-product 
of  gold.  In  this  deposit,  a  fault  breccia  of  rhyolite  and 
monzonite  is  cemented  with  silicious  material  stained 
with  iron  oxides,  and  copper  oxides  and  copper  silicates. 
The  ore  averages  0.80  percent  copper  and  0.262  ounce  in 
gold.  The  ore  is  shipped  to  a  smelter  in  Hayden,  Arizona. 

History.  The  beginning  of  the  copper  industry  in 
California  dates  from  1860  when  Hiram  Hughes,  search- 
ing for  gold,  found  gossan  on  what  was  to  be  the 
Napoleon  mine  in  the  Foothill  belt  in  Calaveras  County. 
He  sent  some  of  the  ore  to  San  Francisco  for  assay  and 
it  was  reported  to  carry  30  percent  copper,  worth 
$120.00  per  ton.  For  many  years  the  miners,  searching 
for  gold,  had  been  throwing  away,  as  worthless  rock, 
rich  surface  copper  ore  along  the  Keystone  and  Copper- 
opolis  lodes.  In  1861,  small  shipments  of  copper  ore  were 
made  to  Boston  and  Baltimore  and  one  small  lot  was 
sent  to  Swansea,  Wales,  by  way  of  New  York.  The 
Newton  mine  was  discovered  in  Amador  County  in  1861, 
and  several  thousand  tons  of  high-grade  chalcopyrite 
ore  were  shipped  before  the  grade  of  ore  decreased  with 
depth,  and  mining  was  no  longer  profitable.  By  the 
spring  of  1863,  considerable  amounts  of  copper  ore  were 
being  shipped  from  deposits  near  Copperopolis,  Campo 
Seco,  and  Laneha  Plana,  in  Calaveras  County.  From 
1862-65,  Del  Norte  County  ranked  second  to  Calaveras 
County  in  the  production  of  copper,  and  old  records 
show  that  ore  assaying  15  to  18  percent  copper  was 
shipped  to  Germany  and  Wales  for  smelting. 

Copper  was  mined  at  Copper  City,  Shasta  County, 
then  known  as  Williams,  in  1862.  In  186.3,  two  hundred 
and  fifty  tons  of  ore  was  shipped  to  Swansea,  Wales,  for 
treatment.  This  shipment  assayed  8  percent  copper, 
$40.00  in  gold,  and  $20.00  in  silver,  but  netted  only  a 
small  profit.  Small  quantities  of  copper  ore  were  shipped 
from  Colusa  County  to  San  Francisco  from  1862-64. 
Some  of  the  surface  ore  was  very  rich  but  the  grade 
dropped  rapidly  with  depth.  Transportation  and  smelt- 
ing costs  left  very  little  profit  even  for  the  high-grade 
ores. 

The  first  smelter  in  California  was  a  small  reverbera- 
tory  furnace  built  in  Contra  Costa  County  in  1862.  Coal 
from  the  Mount  Diablo  mines  was  used  for  fuel  and  a 
matte  containing  45  to  48  percent  copper  was  produced. 
Low-grade  oxidized  ores  were  mixed  with  the  sulfides, 
and  the  ores  were  not  roasted  before  smelting.  By  1868 
there  were  nine  smelting  plants  operating  in  the  Foot- 
hill copper  belt.  A  drop  in  the  price  of  copper  in  that 
year,  together  with  increased  cost  of  mining,  and  less- 
ened values  in  depth  made  copper  mining  unprofitable 
and  a  period  of  inactivty  set  in  which  lasted  until  1895. 


Figure  4.     Portal  of  No.  3  adit  and  compressor  house,  ]5ully  Hill 
mine  (Glidden  Company).  June  1954. 

The  Iron  Mountain  property  in  Shasta  County  was 
originally  purchased  in  1894  by  the  Mountain  Mines, 
Ltd.,  an  English  corporation.  The  property  was  in  turn 
acquired  by  the  Mountain  Copper  Company,  Ltd.,  in 
1896.  The  Mountain  Copper  Company,  Ltd.,  has  been 
active  in  mining  at  Iron  Mountain  ever  since.  A  massive 
sulfide  deposit  was  developed  beneath  a  huge  gossan  out- 
crop. It  was  estimated  to  contain  1^  million  tons  of  ore 
averaging  more  than  7  percent  copper  and  $2.00  per  ton 
in  gold  and  silver.  A  smelter  M'as  built  at  Keswick 
and  operated  until  1907,  after  which  the  ores  were 
shipped  to  the  company's  new  smelter  at  Martinez. 
Many  improvements  in  the  metallurgy  of  sulfide  ores 
and  improvements  in  the  design  and  operation  of  roast- 
ing and  smelting  furnaces  were  developed  by  the  Moun- 
tain Copper  Company,  Ltd.  Between  1901  and  1908 
smelters  were  built  and  operated  at  the  Afterthought, 
Balaklala,  Bully  Hill,  and  Mammoth  mines  in  Shasta 
County. 

An  increase  in  the  zinc  content  of  the  ores  together 
with  increasing  costs  of  operation,  lower  prices  for  cop- 
per and  silver,  and  damage  suits  for  smoke  nuisances 
combined  to  make  copper  mining  and  smelting  unprofit- 
able in  the  Shasta  copper  belt,  and  all  the  smelters  were 
idle  by  1919.  In  this  year  both  the  Mammoth  and  the 
Afterthought  mines  were  shut  down,  and  Plumas  County 
succeeded  Shasta  County  as  the  leading  source  of  copper 
in  California.  The  mines  of  Plumas  County  produced  a 
maximum  of  26,950,029  pounds  of  copper  "in  1925.  The 
Engels  and  Walker  mines  were  the  principal  producers. 
Both  properties  are  now  idle  and  their  plants  have  been 
dismantled.  The  mines  of  Plumas  County  have  produced 
over  325  million  pounds  of  copper  which  amounts  to 
about  25  percent  of  the  total  produced  in  California 
to  date.  A  reverberatory  furnace  and  zinc  oxide  plant 
built  at  Bully  Hill  in  1933  was  operated  for  about  6 
months.  The  selective  flotation  plant  built  at  Iron  Moun- 
tain by  the  Mountain  Copper  Company  in  1943,  pro- 
duced concentrates  of  both  copper  and  zinc  sulfides  until 
June  30,  1947. 

The  Coronado  Copper  and  Zinc  Company  reopened 
the  Afterthought  mine  at  Ingot  in  1946,  and  discovered 
new  ore  bodies  by  diamond  drilling.  A  100-ton  capacity 
selective  flotation  plant  was  built,  and  mining  started  in 
October  1948.  The  operation  continued  until  July  1949 
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when  the  mine  was  closed  down  because  of  the  drop  in 
price  of  copper,  lead  and  zinc.  Mining  was  resumed 
in  July  1950  and  continued  until  August  1952  when  the 
developed  ore  bodies  were  mined  out.  The  average  assay 
of  all  ore  mined,  October  1948  to  January  31,  1951,  was 
approximately  16  percent  zinc,  2.7  percent  copper,  2 
percent  lead,  5.0  ounces  of  silver  and  0.04  ounce  of  gold 
(Albers,  1953,  p.  5). 

In  June,  1952  the  New  Penn  Mines,  Inc.  took  over  a 
lease  and  option  to  purchase  agreement  on  the  Penn 
mine  at  Campo  Seco  in  Calaveras  County.  A  flotation 
plant  on  the  property  was  remodeled  and  its  capacity 
increased  to  200  tons  per  day.  Mining  was  done  through 
the  No.  2  and  No.  3  shafts  between  the  500  and  1,000 
foot  levels,  mostly  toward  the  south.  A  zinc  concentrate 
carrying  as  much  as  2  percent  copper  was  shipped  to 
Amarillo,  Texas,  and  a  copper  concentrate  carrying  as 
much  as  10  percent  zinc  was  shipped  to  Tacoma,  Wash- 
ington. Mining  was  stopped  in  January  1953  and  a 
diamond  drilling  exploration  program  was  started.  Holes 
were  pointed  northwestward  from  the  1,100  level  of  the 
No.  3  shaft  in  a  search  for  an  ore  body  beyond  the 
Campo  Seco  fault. 

Other  activities  early  in  1953  included  the  re-opening 
of  the  Number  3  adit  at  the  Bully  Hill  mine  in  Shasta 
County  to  drive  toward  ore  bodies  discovered  by  a  dia- 
mond drill  exploration  project,  and  the  unwatering  of 
the  Noonday  Copper  mine  in  El  Dorado  County  for 
exploration  under  a  purchase  contract.  The  Providence 
Tuolumne  Gold  Mining  Company  was  granted  a  govern- 
ment loan  to  extend  the  adit  at  the  Copper  Bluff  lease  on 
Hoopa  Reservation  in  Humboldt  County,  to  search  for  a 
faulted  block  of  ore. 

Mining  Methods  and  Treatment.  The  cost  of  develop- 
ing a  copper  prospect  into  an  operating  mine  is  usually 
beyond  the  financial  capacity  of  individuals  or  small 
companies.  Few  copper  deposits  are  rich  enough  to  ship 
to  smelters  without  milling  and  it  may  cost  several  hun- 
dred thousand  dollars  and  a  year  or  more  in  time  to 
develop  enough  ore  to  justify  the  construction  of  a  flota- 
tion plant. 

The  physical  characteristics  of  a  copper  deposit  and 
the  percentage  of  copper  it  contains  determine  the 
method  of  iniiiing.  Profitable  exploitation  of  low-grade 
ores  is  achieved  by:  (1)  large  scale,  open-pit  methods 
using  power  shovels,  bulldozers,  pull-type  scrapers, 
dump  trucks,  belt  conveyors  or  locomotives  with  trains 
of  large  capacity  (?ars;  or  (2)  underground  methods 
using  large  scale  glory-hole  or  block-caving  methods  with 
haulage  and  hoisting  facilities  able  to  handle  large  ton- 
nages. The  average  tenor  of  copper  ores  mined  in  1953 
in  the  United  States  was  0.85  percent  when  the  average 
price  of  copper  was  28.92  cents  per  pound.  More  than 
80  percent  of  the  copper  ore  mined  in  the  United  States 
is  taken  from  open  pits. 

Sulfide  ores  now  being  mined  by  large  scale  under- 
ground methods  contain  as  little  as  0.75  percent  copper. 
The  "porphyry"  type  deposits  have  not  been  found  in 
California.  High-grade  sulfide  ore  in  veins  mined  by 
underground  methods  may  contain  as  little  as  3  or  4 
percent  copper.  Oxidized  ores  containing  about  1  per- 
cent copper  are  now  being  mined  in  the  United  States, 
and  the  copper  is  recovered  by  leaching.  Ores  carrying 


5  percent  or  more  copper  are  generally  smelted  directly 
to  avoid  concentration  losses  unless  they  contain  an  ex- 
cessive amount  of  zinc,  arsenic  or  antimony  or  the  dis- 
tance from  the  deposit  to  the  smelter  is  too  great.  Cali- 
fornia copper  ores  with  less  than  3  percent  copper  are 
generally  concentrated  before  smelting. 

All  of  the  California  copper  deposits  are  mined  by 
underground  methods.  The  principal  mines  are  devel- 
oped by  shafts  or  adits  with  haulage  levels  at  convenient 
intervals.  Raises  are  run  in  the  ore  along  the  footwall 
from  level  to  level.  In  some  mines  pillars  are  left  in  the 
stopes  to  support  the  back,  but  square  sets  and  filling 
are  used  to  mine  high-grade  ore.  Compressed  air  shovel- 
ing machines  are  used  in  the  drifts  and  cross  cuts  in 
the  larger  mines.  Power  scrapers  are  used  in  flat  stopes 
to  scrape  the  broken  ore  into  chutes  or  ears.  The  ore  is 
loaded  into  mine  cars,  and  trains  of  cars  are  hauled  by 
electric  locomotives  to  the  shaft  or  to  mill  ore  bins. 

All  the  copper  ore  mined  in  California  in  recent  years 
has  had  to  be  concentrated  before  shipping  to  a  smelter. 
In  many  deposits  ehalcopyrite  is  so  intimately  mixed 
with  sphalerite  that  very  fine  grinding  is  required  to 
effect  a  separation  of  these  minerals,  and  selective  fiota- 
tion  is  required  to  produce  concentrates  acceptable  to 
the  copper  and  zinc  smelters. 

Flotation  is  a  method  of  wet  concentration.  When 
finely  ground  sulfide  ore,  mixed  with  water,  is  agitated 
and  aerated  with  small  amounts  of  certain  oils  and  cer- 
tain organic  chemical  compounds,  some  of  the  oil  and 
most  of  the  organic  compounds  adhere  to  the  mineral 
particles  and  float  them  to  the  surface  where  they  are 
skimmed  off  as  a  concentrate.  The  gangue  minerals  re- 
main submerged  and  can  be  diverted  to  waste. 

When  two  or  more  minerals  are  floated  together  to 
form  one  concentrate,  the  process  is  known  as  bulk 
flotation.  Selective  flotation  employs  one  of  two  methods : 

(1)  one  or  more  of  the  sulfide  minerals  are  depressed 
during  flotation  of  one  or  more  other  minerals,  or  (2) 
several  different  sulfides  are  floated  successively.  Milling 
plants  in  California  commonly  yield  (1)  a  copper-lead 
concentrate    which    includes    the    gold    and    silver,    and 

(2)  a  zinc  concentrate.  The  concentrates  are  shipped  to 
smelters  in  Arizona,  Montana,  Texas,  Utah,  or  Wash- 
ington. Flotation  can  make  marketable  concentrates  from 
complex  ores,  but  the  fine  grinding  required  for  most 
ores  is  costly  and  much  of  the  copper  and  zinc  is  lost  in 
the  process.  Zinc  concentrates  commonly  assay  1.5  to  2 
percent  copper  and  copper  concentrates  assay  from  5  to 
10  percent  zinc  which  is  not  paid  for  by  the  smelter.  The 
freight  paid  in  shipping  the  concentrates  to  smelters  in 
Arizona.  Montana,  Texas,  Utah,  or  Washington  is  an 
additional  handicap  to  California  mines. 

Recent  developments  in  fluosolids  roasting  suggest  that 
a  bulk  sulfide  concentrate  could  be  roasted,  then  leached 
and  the  metals  recovered  electrolytically,  by-passing  the 
smelter  entirely.  Sulfur,  which  could  be  recovered  in  the  I 
process,  should  also  find  a  profitable  market  on  the  West  1 
Coast. 

Pyritic   ores  containing  economic   quantities   of  zinc  , 
and  copper  or  lead  are  common,  and  the  general  scheme  1 
for  treating  them  by  flotation  is  somewhat  standardized. 
Pyrite  and  sphalerite  are  depressed  with  cyanide  and 
other  reagents  such  as  zinc  sulfate ;  the  copper  minerals 
are  floated  in  a  neutral  circuit  with  a  collector ;  sphal- 
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CRUSHING  SECTION 


Minus  ^/q  inch   moteriol   corrying    1.5   to   3.5 
percent  copper  ond  2  to  6  percent  zinc 


FINE-ORE   BIN 


Lifrte  5.0  pounds/ton  - 


_Zinc  sulfate,  0.17  pound/ton 
Sodium  cyanide,  0.07  pound/ton 


i  r 


"T 


95   percent   to   minus    200  mesh 
85  percent   to   minus    350  mesh 


Specific  gravity  1.45 

Overflow  ~ 


"CLASSIFIER 


»  Toiling 


Zinc   concentrote 


54.65  percent  zmc 
0.83  percent  copper 

i 

THICKENER 


To  Greot   Foils,  Montono 

Figure  5.     Flowsheet  of  the  Mountain  Copper  Company,  Ltd.,  flotation  plant  at 
Iron  Mountain,  June  1944,  by  E.  M.  Bagley,  Mill  Superintendent. 
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I'able  shotcing  recovery  of  copper  and  zinc  at  three  California  flotation  plants. 
(Bramel,  1948,  p.  163.) 


Mine . 

Product 

Weight  percent 

Analysis  percent 

Recovery  percent 

Copper 

Zinc 

Copper 

Zinc 

Big  Bend  (Surcease) 

Mill  feed 

100. 

2.01 

12.55 

Copper  concentrate 

5.26 

25.2 

10.9 

66.0 

4.6 

Zinc  concentrate 

21.81 

2.58 

52.6 

28.1 

91.4 

Tailing 

72.93 

.162 

.68 

5.9 

4.0 

Mill  feed 

100. 

2.43 

12.0 

Copper  concentrate 

8.53 

22.58 

13.23 

79.10 

9.41 

Zinc  concentrate 

19.70 

1.16 

52.43 

9.38 

85.98 

Tailing 

71.77 

0.39 

0.77 

11.52 

4.61 

Iron  Mountain  (The  Mountain  Copper 

MiUfeed 

100. 

2.28 

4.54 

Copper  concentrate 

14.50 

11.98 

4.26 

76.20 

13.61 

Zinc  concentrate 

5.08 

1.46 

49.10 

3.26 

54.99 

Tailing 

80.42 

0.58 

1.77 

20.54 

31.40 

erite  is  activated  with  copper  sulfate  in  a  high-lime 
circuit  for  the  depression  of  pyrite;  and  the  zinc  min- 
erals are  floated  with  a  selective  collector  and  a  selective 
frother.  One  to  three  stages  of  cleaning  are  common. 

The  flotation  plant  of  the  Mountain  Copper  Company, 
Ltd.,  recovered  as  much  as  88.5  percent  of  the  copper 
and  54.99  percent  of  the  zinc  in  a  massive  pyritic  ore, 
but  the  extraction  was  much  lower  on  ore  blasted  and 
exposed  to  the  air  for  more  than  a  week.  Success  de- 
pended on  fresh  ore  and  keeping  the  alkalinity  low.  As 
a  rule,  a  pH  of  8  to  10  was  maintained  in  the  copper 
circuit.  It  was  found  necessary  to  heat  the  zinc  circuit 
to  80  degrees  Fahrenheit  to  obtain  a  shipping  grade  of 
at  least  47  percent  zinc.  A  high  percentage  of  marmatite 
(sphalerite  containing  10  percent  or  more  of  iron)  con- 
tributed to  the  difficulty  in  the  zinc  circuit. 

Smelting.  At  the  copper  smelter,  the  copper  concen- 
trate, which  usually  contains  from  20  to  35  percent  cop- 
per, is  roasted  in  a  multiple  hearth  furnace  to  burn  oif 
the  excess  sulfur  together  with  arsenic,  antimony,  and 
other  impurities.  The  resulting  calcine  is  smelted  in  a 
reverberatory  furnace  to  produce  an  artificial  sulfide  of 
copper  and  iron  called  "matte."  The  gold,  silver,  and 
certain  other  metals  contained  in  the  ore  are  collected 
in  the  matte.  Most  of  the  material  in  the  gangue  is  con- 
tained in  the  slag  which  floats  on  top  of  the  matte  in 
the  reverberatory  furnace  and  is  skimmed  off.  The  matte 
settles  to  the  bottom  of  the  furnace  and  is  tapped  into 
ladles  and  transferred  to  a  converter. 

Convertors  are  barrel-shaped  containers  made  of  steel 
and  lined  with  magnesite  brick.  They  are  mounted  on 
trunnions  so  that  they  can  be  tilted  and  their  contents 
poured  into  ladles.  As  soon  as  the  matte  is  poured  into 
a  convertor,  compressed  air  is  introduced  through  tuyers 
located  on  each  side  of  the  convertor  near  the  bottom. 
The  impurities  in  the  matte  are  oxidized  and  converted 
either  into  gases  which  pass  off  in  the  flue  system,  or 
into  slag  which  can  be  removed  before  the  copper  itself 


is  oxidized.  The  oxidation  of  the  sulfur  and  iron  pro- 
duces enough  heat  to  maintain  the  materials  in  a  molten 
condition.  The  iron  oxide  and  silica  combine  to  form  slag 
which  is  poured  into  ladles.  The  copper  sulfide  separates 
from  the  matte  and  settles  to  the  bottom  of  the  con- 
vertor where  it  is  converted  into  blister  copper  by  oxida- 
tion of  the  remaining  sulfur.  Blister  copper,  which  is 
about  98.8  percent  pure,  is  poured  into  ladles  which  are 
emptied  into  refining  furnaces  where  the  remaining  im- 
purities are  burned  out  by  blowing  air  through  pipes 
inserted  through  side  doors  and  plunged  into  the  molten 
mass.  The  oxidized  copper  is  brought  back  to  metal  by 
plunging  wooden  poles  into  the  molten  copper.  Oxygen 
combines  with  the  carbon  of  the  wood  and  passes  off  as 
gas.  Copper  is  tapped  from  the  refining  furnace  into 
anode  shapes  for  electrolytic  refining. 

Price.  In  February  1953,  when  the  Office  of  Price 
Stabilization  decontrolled  the  prices  on  all  non-ferrous 
scrap  and  on  primary  copper,  the  average  price  for 
domestic  copper  advanced  from  the  controlled  price  of 
24.2  cents  per  pound  to  29.289  cents  per  pound  by 
March.  The  price  of  foreign  copper  which  was  quoted 
at  34.783  cents  per  pound  in  February  1953,  under  the 
National  Production  Authority  formula,  dropped  to 
29.71  cents  per  pound  in  May  when  all  government  con- 
trols were  removed.  The  average  price  for  domestic  cop- 
per in  1954  was  29.694  cents  per  pound  and  export  or 
foreign  copper  averaged  29.889  cents  per  pound.  In 
September  1955,  the  average  price  for  electrolytic  do- 
mestic refinery  copper  was  44.052  cents  per  pound  and 
export  copper  averaged  44.339  cents  per  pound  (En- 
gineering and  Mining  Journal  quotations) . 

The  principal  market  for  refined  metals  in  the  United 
States  is  in  the  vicinity  of  New  York  City.  Market  quo- 
tations generally  refer  to  the  price  the  industrial  buyer 
is  willing  to  pay  for  the  metal  in  desirable  shapes  at  the 
refineries  near  New  York.  Refined  lead  and  copper,  how- 
ever, are  available  on  the  West  Coast  in  quantity,  being 
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Copper  concentrate 
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20-35%  Fe 

5-25%  S 
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ROASTER 
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~^slag   to  woste 


T 

er  r 
slog  [20-50% 

-3%Cu    4/5-45% 
i  (20-30% 


Converter       Copper  motte 
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/-3%Cu    -(/5-45%  Fe 

<%  S 
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T 


Blister  copper 
97-99%  Cu 


REFINING   FURNACE 


Anodes  98.8%  Cu 


ELECTROLYTIC    REFINERY 


99.95%  Cu 

FiGiTRE  6.     General    flowsheet    for    the 
smelting  of  copper  sulfide  concentrates. 

derived  largely  from  smelting  of  imported  ores.  Lead 
ore  is  smelted  at  Selby,  California,  and  copper  ore  at 
Taeoma,  Washington. 

The  rapid  growth  of  population  and  industries  in 
California  has  created  an  expanding  market  for  copper 
in  all  its  forms.  The  California  copper  deposits  are  very 
seriously  handicapped  however,  because  all  of  their  ores 
and  concentrates  must  now  be  shipped  out  of  the  state 
for  smelting  and  refining.  Much  of  the  copper  produced 
in  the  state  travels  as  far  as  the  Atlantic  Coast  before  it 
returns  in  the  form  of  copper  wire,  sheets,  or  tubing,  or 
in  brass  and  bronze  bushings  and  bearings  to  be  used 
in  buildings,  machines,  and  equipment  built  in  Cali- 
fornia. 

Utilization.  Next  to  iron,  copper  is  the  most  impor- 
tant metal  in  our  modern  civilization.  In  its  electrical 
and  thermal  conductivity,  copper  ranks  second  to  silver. 
Its  ductility,  malleability,  and  resistance  to  corrosion 
have  led  to  its  application  in  many  domestic  and  indus- 
trial uses.  Although  aluminum,  galvanized  iron,  stain- 
less steel,  silver  and  certain  plastics  can  be  substituted 
for  copper  in  some  of  its  present  applications,  the  de- 
mand for  copper  probably  will  increase.  The  electrical 
industry  uses  enormous  quantities  of  copper  each  year 
in  the  form  of  wires,  cables,  bars  and  various  fittings. 
Because  of  its  high  thermal  conductivity,  copper  is  used 


in  heat-transfer  units  such  as  cooling  fins,  and  copper 
tubing  in  radiators,  fireboxes  of  locomotive  boilers,  steam 
pipes,  and  radiant  heating  panels.  Large  quantities  of 
copper  tubing  for  water  pipes  also  are  used  in  buildings 
and  in  the  manufacture  of  household  appliances  such  as 
refrigerators  and  air  conditioning  units.  Thousands  of 
tons  of  copper  are  used  annually  in  the  production  of 
alloys  such  as  brass,  bronze,  bell  metal,  gun  metal,  monel 
metal,  and  constantan.  Copper  oxide  and  various  salts 
are  used  as  coloring  agents  in  paints,  glasses  and  ceramic 
glazes.  Other  copper  salts  are  used  for  chemicals,  anti- 
septics and  insecticides. 

Copper  sulfate  (CUSO4),  containing  about  40  percent 
copper,  is  the  most  important  copper  compound.  It  is 
used  as  a  fungicide,  as  a  source  of  mineral  in  fertilizers, 
as  a  depressant  and  dispersion  agent  in  flotation  plants, 
in  dyes,  galvanic  cells,  photography,  antiseptics  and  in 
the  manufacture  of  crayons.  Prodviction  of  copper  sul- 
fate in  1953  amounted  to  72,188  short  tons  of  which 
19,872  tons  were  used  in  agriculture,  18,000  tons  in 
industry  and  34,316  tons  for  other  uses,  chiefly  for 
export.  Other  copper  compounds  such  as  copper  oxides, 
chlorides,  carbonate,  nitrate,  and  acetate  are  used  in 
lesser  amounts  in  chemical,  paint,  electroplating  and 
other  industries. 

Wire  mills  are  the  chief  consumers  of  refined  copper 
and  account  for  over  50  percent  of  the  total  production. 
Brass  mills  account  for  about  48  percent  and  the  re- 
mainder is  used  in  foundries,  secondarj^  smelters,  chemi- 
cal plants  and  miscellaneous  industries. 

Copper  Alloys.  Copper  is  alloyed  with  a  great  many 
elements  and  in  many  proportions  to  obtain  metals  with 
desirable  properties.  The  most  common  alloys  are  the 
copper-zinc  group,  known  as  brass,  and  the  copper-tin 
group,  known  as  bronze.  Other  common  alloying  ele- 
ments with  copper  are  lead,  nickel,  aluminum,  manga- 
nese, silicon,  beryllium,  phosphorus  and  arsenic.  A 
combination  of  two  or  more  elements  is  often  used  in 
copper  alloys.  A  small  amount  of  lead  in  brass,  for 
instance,  improves  its  machining  properties  and  a  small 
amount  of  silicon  in  bronze  improves  its  corrosion  re- 
sistance and  tensile  strength.  A  variety  of  nickel-copper 
alloys  are  used  where  a  bright  corrosion-resistant  metal 
is  desirable  such  as  for  kitchen,  hospital  and  cliemical 
plant  equipment.  Beryllium-copper  alloys  containing  2 
to  4  percent  beryllium  are  used  where  fatigue  resist- 
ance, hardness,  toughness,  low  sparking,  tensile  strength 
and  nonmagnetic  properties  are  important  such  as  for 
springs,  nonsparking  tools,  molds,  and  aircraft  parts. 

Aluminum  alloys  containing  about  4  percent  copper 
and  fractional  percentages  of  silicon  and  magnesium 
have  the  strength  and  hardness  of  mild  steel.  Copper- 
steel  alloys  are  used  where  resistance  to  corrosion  is 
needed  and  the  cost  of  chromium  steel  is  not  warranted. 
Gold  and  silver  used  for  coins,  jewelry  and  silverware 
are  alloyed  with  copper  to  increase  their  hardness, 
toughness  and  wearing  qualities. 
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QUOTATION  NO. 

DOMESTIC  PURCHASE  SCHEDULE 

EFFECTIVE  DATE 


Shipper      Tentative   Schedule 


Address 


Miiie 


Location 


Character  o{  Product    Copper    Concentrates         shipping  Point 

The   following   purchase    terms    are   subject    to    the    General   Clauses  shown  on   the  back   of  this  sheet,  and   are  subject 
to  prompt  acceptance.  Unless  shipments  are  begun  within  30  days,  this  quotation  is  automatically  cancelled. 

TONNAGE:        Limited  to S.QQ. tons  per  month  except  by  special  arrangement. 

DELIVERY:        F.O.B.   cars  at   unloading   bins,  or  F.O.B.  wharf  of   the  Smelter,  Washington. 


DATE  OF 
DELIVERY: 


Date   upon   which    the   last   car   of  each   lot  is  accepted   by 
commences  discharge  of  product  on  Smelter  wharf. 


Smelter,  or  upon   which   carrying  vessel 


GOLD: 


SILVER: 


COPPER: 


BASE 
CHARGE: 


SILICA: 

ZINC: 

ARSENIC: 

ANTIMONY: 

NICKEL: 

MOISTURE: 


PAYMENTS 

(A)  It  0.03  of  a  troy  ounce  per  net  dry  ton  and  less  than  3.00  ounces  pay  tor  all  at  91.14%,  (B)  It  3.00 
ounces  and  less  than  5.00  ounces  pay  tor  all  at  92.57%,  (C)  It  5.00  ounces  and  less  than  10.00  ounces  pay 
for  all  at  93.29%,  (D)  It  10.00  ounces  or  over  pay  for  all  at  94.00%,  at  the  net  price  per  ounce  paid  by 
the  United  States  Mints  for  gold  recovered  from  domestic  mine  production  on  the  fifteenth  day  following 
delivery  of  the  product  to  the  Tacoma  Smelter.  Nothing  paid  for  gold  it  less  than  0.03  of  a  troy  ounce  per 
net  dry  ton. 

(Note:  At  the  present  government  price  the  above  terms  are  equivalent  to  paying  for  100%  at  the  follow- 
ing prices:  (A)  $31.81663,  (B)  $32.31663,  (C)  $32.56663,  (D)  $32.81663) 

Pay  tor  95%  at  the  realized  Mint  price  (i.e..  Mint  price  less  Buyer's  deductions  to  cover  delivery  and  other 
expenses),   provided    the   silver   content   qualifies   tor   Government    purchase    and    necessary    affidavit    or    other 

'  ...  ■   r.        _      ».        ,,-  ■      .,_  ,j.  quotation    tor    the 

-troy  ounces  per  net 


proof   is   fiirnished,  or,    it   higher,   at   the    average    Handy   and   Barman    New^Yoik  silver  quotation    tor    the 
calendar   week   including   the   date  of  delivery.   Minimum  deduction    .-y-ri.6~Ji.aj,.J„. 

dry  ton.   The  present  realized  Mint  price  is 


...9.0^.. 


.per  ounce. 


Deduct  from  the  wet  copper  assay    Qll9- unit(/  and  pay  tor   100%  of  the  remaining  copper  at  the 

daily  net  refinery  domestic  quotations  for  electrolytic  wirebars,  as  published  in  the  E.  &  M.  J.  Metal 
and  Mineral  Markets  of  New  York  averaged  tor  calendar  week  including  date  of  delivery,  less  a  deduc- 
tion of— -:Lnree cents  per  pound  of  copper  accounted    tor.    Nothing   paid    tor   copper   it   less    than 

.Qjl.?. %  by  wet  assay. 

No  payment  will  be  made  tor  any  metal  or  content  except  as  above  specified. 

DEDUCTIONS 

$....4r.'?..*.y-V. per  net  dry  ton  of  2,000  pounds,   provided    the   sum    ot    payments    tor    gold,    silver   and 

copper  does  not  exceed  $     .i.y.y.«.y.y. per  net  dry  ton.    Add  to  the  base  charge .T.S.n. percent 

ot  the  excess  over  such  payment  of  $-...lQ.Q.«.Q.Q to  a  maximum  base  charge  of  $ 1.7..«.U.O. per 

net  dry  ton. 

For  ores  of  a  siliceous  -character,  add  to  the  base  charge ~.~ -~ cents  tor  each  unit  deficiency  in 

available  silica  below, .~~.~. per  cent;  fractions  in  proportion.  To  determine  available  silica  de- 
duct two-thirds  ot  the  iron  assay  from  the  silica  assay. 

5%   tree.  Charge  tor   the  excess  at  30c   per  unit;   fractions  in  proportion. 

1%  free.  Charge  for  the  excess  at  50c  per  unit;   fractions  in  proportion. 

1%  free.  Charge  for  the  excess  at  $1.00  per  unit;  fractions  in  proportion. 

0.5%  free.  Charge  tor  the  excess  at  $3.00  per  unit;  tractions  in  proportion. 

A  minimum  deduction  ot  1%  will  be  made  from  wet  weight;  when  over  1%  contained,  actual  moisture  will 
be  deducted.    Moisture  in  excess  ot  10%  will  be  charged  at  10c  per  unit;  tractions  in  proportion. 


TAXES, 

SHIPMENT 

AND  FREIGHT:  See  Clauses  I,  5,  6  and  12  on  reverse  side  ot  this  schedule. 


By.- 


"A  t.vpical  smelter  .schedule.' 
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Figure  8.     Chart  showing  production  of  copper  from  California  mines  and  price  of  copper  in  the  United  States,  1860-1954. 
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DIATOMITE 

By  Gokdon  B.  Oakeshott 


The  use  of  diatomite  (diatomaceous  earth),  especially 
for  filtration  and  in  fillers,  has  been  increasing  rapidly 
in  the  past  few  years.  Production  in  California  has  more 
than  doubled  in  the  last  15  years;  production  for 
1953-55  increased  20  percent  over  that  of  1950-52.  Cali- 
fornia is  the  principal  diatomite-producing  state  and  con- 
tains the  world 's  largest  diatomite  quarries  near  Lompoc 
in  Santa  Barbara  County. 

GEOLOGIC  OCCURRENCE 

Diatomite  is  a  light-colored,  light-weight  sedimentary 
rock  composed  largely  of  the  microscopic  tests  of 
diatoms.  Diatoms  are  silica-secreting  single-celled  plants, 
of  which  more  than  25,000  species  are  known  (Hanna, 
1951)  ;  200  to  300  species  have  been  identified  in  the  de- 
posits at  Lompoc  in  Santa  Barbara  County.  These  vary 
widely  in  form,  but  disc-shaped  and  needle-shaped  forms 
are  most  common.  Radiolaria,  silico-flagellates,  and 
sponge  spicules  are  other  common  siliceous  organisms 
found  in  some  diatomite. 

Diatomite  can  be  tentatively  identified  in  the  field  or 
in  hand  specimen  by  its  light  color  and  extreme  lightness 
of  weight.  It  is  most  easily  confused  with  some  types  of 
volcanic  ash,  but  microscopic  examination  permits  a 
ready  distinction  between  the  glass  particles  in  volcanic 
ash  and  the  diatom  tests  of  diatomite.  Some  diatoms  are 
too  small  to  be  recognized  as  such  by  the  use  of  the  ordi- 
nary hand  lens  (magnification  14X),  but  diatoms  can  be 
seen  by  this  means  in  most  California  diatomite. 

In  California  the  marine  diatomaceous  shales,  of  the 
upper  Miocene  and  lower  Pliocene  epochs,  are  notable 
also  for  perfectly  preserved  fossil  fishes;  in  some  places 
shark  teeth,  whale  bones,  and  fossil  birds  have  been 
found.  Impure  varieties  of  diatomite  contain  clay,  silt, 
fine  sand,  limestone,  thin  beds  of  volcanic  ash,  and  hard 
silica  rock,  including  opal  and  opaline  and  porcelaneous 
chert  materials.  Commercial  grades  of  diatomite  contain 
-less  than  15  percent  of  such  impurities.  Every  gradation 
i<  found,  from  nearly  pure  diatomite  through  diatoma- 

ous  shale  into  clay  shales  and  siltstones.  Some  varieties 
III'  diatomite  are  partly  calcareous  in  that  they  contain 
I'oraminifera. 

Lenses,  nodules,  and  layers  of  porcelaneous  silica 
rocks,  and  opaline  and  chaleedonic  cherts  are  common  in 
even  the  purer  forms.  Numerous  phosphatic  nodules  or 
jiellets  and  thin  beds  of  silvery  volcanic  ash  may  also 
(lecur  in  certain  stratigraphic  positions.  Many  diatomace- 
ous beds  grade  laterally  into  chert  beds  and  also  grade 
into  coarse  clastic  sediments. 

Diatomaceous  rocks,  such  as  those  of  the  upper 
Miocene  and  lower  Pliocene  formations  in  California,  are 
now  known  to  be  of  shallow-water  origin.  These  rocks 
formed  with  clastic  sediments  under  conditions  that 
allowed  diatom  tests  to  accumulate  in  greater  volume 
tlian  the  clastic  material.  Bramlette  (1946)  has  recently 
iliseussed  the  origin  of  diatomite  and  other  siliceous 
locks  of  the  Monterey  formation.  He  believes  that  the 
silica  needed  to  form  the  large  quantities  of  diatoms 
originated  in  the  finely  divided  particles  of  volcanic  ash 
^o  commonly  associated  with  beds  of  both  marine  and 
fresh-water  diatomite. 


In  general,  geologists  mapping  diatomite  in  California 
find  it  useful  to  recognize  three  types  of  diatomite — 
pure,  thinly  stratified;  impure,  coarsely  stratified;  and 
impure,  massive.  The  apparently  pure,  thinly  stratified 
beds  are  of  greatest  commercial  interest,  but  the  suita- 
bility of  each  stratum  exposed  in  an  operating  quarry 
must  be  determined  only  by  actual  testing  of  the 
product. 

In  California,  the  diatomite  of  actual  or  potential  com- 
mercial importance  is  found  in  sedimentary  rock  for- 
mations of  two  different  modes  of  origin  :  (1)  the  marine 
upper  Miocene  Monterey  formation  inchuling  its  equiva- 
lents by  other  names,  and  the  lower  Pliocene  Sisquoc 
formation,  and  (2)  fresh-water  lake  beds  of  Tertiary  and 
Quaternary  age.  The  first  group,  by  far  the  more  im- 
portant, has  yielded  nearly  all  of  the  diatomite  produced 
in  the  state.  The  Monterey  formation  is  widely  exposed 
throughout  the  Coast  Ranges  from  Point  Arena  in  Men- 
docino County  southward  to  San  Onofre  in  San  Diego 
County,  and  extends  eastward  into  the  San  Joaquin 
Valley.  Diatomite  is  a  common  rock  type  in  this  forma- 
tion. Thicknesses  of  diatomite  of  as  much  as  1,000  feet 
occur  in  the  Sisquoc  formation  of  the  Santa  Maria  Basin 
and  Santa  Ynez  Mountains  in  Santa  Barbara  County. 
In  eastern  and  northern  California  numerous  fresh- 
water deposits  of  diatomite  have  been  found  in  lake 
beds  of  Tertiary  and  Quaternary  age.  These  are  asso- 
ciated with  volcanic  rocks.  Diatomite  also  occurs  in  some 
marine  Eocene  and  Cretaceous  formations  in  the  Diablo 
Range. 

There  is  no  significant  difference  in  the  commercial 
value  and  application  of  marine  and  freshwater  diato- 
mite. The  diatomite  mined  in  California  is  obtained 
almost  wholly  from  Tertiary  marine  strata,  but  Nevada 's 
large  production  comes  from  fresh-water  Tertiary  strata. 

Upper  Miocene  and  Lower  Pliocene  Deposits.  The 
foothills  of  the  Santa  Ynez  Mountains  south  of  Ijompoc 
Valley  and  the  Santa  Rita  Hills,  both  in  Santa  Barbara 
County,  comprise  an  area  that  contains  what  are  often 
regarded  as  the  most  extensive  deposits  of  commercial 
diatomite  in  the  world.  Johns-Manville  Pi-oducts  Corpo- 
ration, which  in  1953  celebrated  the  60th  anniversary  of 
the  first  shipment  of  commercial  diatomite  in  California, 
operates  huge  quarries  3  miles  soiith  of  Lompoc.  The 
other  major  diatomite  operator  in  California,  Dicalite 
Division  of  Great  Lakes  Carbon  Corporation,  works  a 
similar  deposit  7  miles  southeast  of  Lompoc.  Both  of 
these  deposits,  which  are  probabh'  correlative,  are  of 
marine  origin  and  belong  to  the  Sisquoc  formation  of 
uppermost  Miocene  (?)  to  lower  Pliocene  age.  Their  geo- 
logic occurrence  (fig.  2)  has  been  mapped  and  described 
by  Dibblee  (1950).  The  best  grade  of  commercial  diato- 
mite is  in  the  lower  part  of  the  Sisquoc  formation.  A  re- 
port of  the  U.  S.  Geological  Survey  by  Woodring  and 
Bramlette  (1950)  describes  and  shows  the  location  of 
diatomite  beds  in  the  Sisquoc  formation  in  the  Santa 
Maria  district  north  of  the  area  mapped  by  Dibblee. 
These  two  papers  constitute  the  best  guide  to  the  loca- 
tion of  the  diatomite  deposits  of  commercial  grade  in  the 
coastal  regions  of  central  and  southern  California. 
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DIATOMITE    IN    CALIFORNIA 


EXPLANATION 

Lote  Tertiary-Quaternary 
freshwoter  formations 


^    Miocene-Pliocene   formotions] 


Marine 


Upper   Eocene    formations 

Quarries  and  plants  active   1954-55 


JOHNS- 
MAN  VI  LLE 


Geologic  map  of 
Lompoc  area,  see  Fig  Z 


Figure  1.     Map  of  California  showing  the  generalized  distribution  of  formations  that  may  contain  diatomite. 
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Geology  generolized  from  Plate  1, Bull.  150, < 

California   Division  of  Mines. 


.  ■  FiGUKE  2.     Geologic  map  of  the  Lompoc  jiroa,  Santa   Barbara   County,   showing   distribution   of   tlie 

diatomite-bearing  Sisquoc  formation.  After  DibMee,  1950. 

Dicalite  Division  of  Great  Lakes  Carbon  Corporation 
ilso  operates  a  large  commercial  deposit  of  diatomite  in 
marine  beds  of  the  upper  Miocene  Valmonte  diatomite 
member  of  the  Monterey  formation  on  the  north  side  of 
the  Palos  Verdes  Hills,  near  "Walteria,  in  Los  Angeles 
County.  A  paper  by  Woodring,  Bramlette,  and  Kew 
(1946)  includes  a  description  and  map  of  the  Valmonte 
iiatomite  (fig.  3). 

Extensive  diatomite  deposits  also  occur  in  Hames  Val- 
ley 5  miles  northwest  of  Bradley  in  the  southern  Salinas 
Valley  and  continue  northward  for  several  miles  from 
that  locality.  These  have  not  been  worked  for  many 
years.  '■  ' '   '._,,   '  'v  *.'■■; 

Other  Deposits.  The  marine  sedimentary  Kreyen- 
dagen  formation  of  upper  Eocene  age  extends  as  a  nar- 
row belt  in  the  foothills  along  the  west  side  of  the  San 
loaquin  Valley,  northwest  from  the  Coalinga  district. 
This  formation  contains  a  great  deal  of  diatomite  of 
possible  commercial  importance.  It  has  been  worked,  for 
axample,  at  the  mouth  of  Panoche  Creek,  and  west  of 
Grows  Landing. 

In  the  Panoche  Hills  on  the  west  side  of  the  San 
Joaquin  Valley  the  oldest  known  diatomite  in  California 
s  found  in  the  upper  part  of  the  marine  Upper  Cre- 
caceous  Moreno  formation.  About~  200  feet  of  buff  dia- 


After    Woodring 


Figure  3.  Geologic  map  of  the  north  side  of  the  Palos  Verdes 
Hills.  The  upper  Miocene  Valmonte  diatomite  (Tv)  is  overlain  by 
Malaga  mudstone  (Tm)  and  underlain  by  Altamira  shale  (Ta). 
After  Woodring,  Bramlette,  and  Keic. 
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Figure  4.  Species  of  diatoms  common  in  fresh-water  deposits. 
Average  diameter  of  tlie  fossils  is  about  0.05  mm.  Photo  courtesy 
P.  W.  Leppla. 


tomaeeous  shale  were  sampled  and  the  diatoms  described 
by  Hanna  (1927  and  1951).  The  beds  are  not  of  present 
commercial  interest  but  demonstrate  the  existence  of 
marine  diatoms  of  far  greater  age  than  is  ordinarily- 
recognized. 

Freshwater  diatomite,  formed  in  late  Tertiary  and 
Quaternary  lake  beds  and  interbedded  with  lava  flows 
and  volcanic  ash,  is  widely  distributed  through  parts  of 
Inyo,  Shasta,  Siskiyou,  and  Modoc  Counties.  Such  de- 
posits have  been  worked  on  a  small  scale  near  Tinemaha 
Lake,  14  miles  south  of  Zurich  in  Inyo  County,  and 
along  the  Pit  River  in  Shasta  County.  Those  near  the 
junction  of  the  Pit  River  and  Hat  Creek  are  several 
hundred  feet  thick;  they  were  described  by  Logan 
(1926). 

PRINCIPAL  COMMERCIAL  OPERATIONS 

Some  effort  toward  the  commercial  production  of 
diatomite  has  been  made  in  Contra  Costa,  Fresno,  Inyo, 
Kern,  Monterey,  Napa,  Orange,  Plumas,  San  Benito,  San 
Joaquin,  San  Luis  Obispo,  Shasta,  Sonoma,  and  Tehama 
Counties.  Five  producers  were  listed  for  the  state  in 
1947 ;  by  1954  only  the  extensive  deposits  operated  by 
Johns-Manville  Products  Corporation  and  Dicalite  Divi- 


FlGURE  5.     Fossil  fish   (myne  grex)   in  diatomite.  Found  at  .Tohns-JMnnville  quarry  at  Lompoc  in  1936. 

About  2/5  natural  size.  Photo  ip  Mary  Hill. 
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Figure  6.  Stripping  and  quarrying  operations  in  one  of  the  Jolins-Manville  quarries  at  Lompoc. 
Photo  hy  Joe  Ames,  courtesy  Johns-Manville. 


sion  of  Great  Lakes  Carbon  Corporation  near  Lompoc, 
Dicalite  at  Walteria,  and  a  small  deposit  owned  by  the 
Basalt  Eock  Company,  Inc.,  in  Napa  County  were  being 
\vorked  in  the  state. 

The  operation  south  of  Lompoc  Valley  in  the  north- 
■rn  foothills  of  the  Santa  Ynez  Mountains,  Santa  Bar- 
l)ara  County,  is  the  largest  diatomite  operation  in  the 
world.  It  was  first  worked  in  1893  and  for  many  years 
has  been  controlled  by  Johns-Manville.  The  commercial 
deposit  consists  of  a  700-foot  thickness  of  pure,  thinly 
stratified  diatomite  which  belongs  to  the  lower  part  of 
the  Sisquoc  formation  and  covers  an  area  of  about  4 
square  miles.  The  diatomite  here  has  been  preserved  in 
broad  synelines,  complicated  by  several  minor  folds.  The 
diatomite  beds  range  in  attitude  from  horizontal  to 
moderately  dipping  (maximum  50°).  The  best-grade 
iliatomite  is  thinly  stratified,  with  laminae  averaging 
about  %  2 -inch  in  thickness.  It  is  cream-colored  below 
the  surface  and  dries  to  a  pure  white.  As  quarried,  it 
contains  35  to  50  percent  water;  however,  it  holds  75 
l)ercent  at  saturation.  The  pure  air-dried  diatomite  has 
;i  density  of  approximately  0.5. 

MINING  AND  PROCESSING 

An  account  of  the  Johns-Manville  operation  at  Lom- 
poc has  recently  been  given  by  Huttl  (1949).  Mining 
was  largely  underground  in  the  early  history  of  opera- 
tions at  Lompoc  but  is  now  carried  on  entirely  by 
open  pits  in  two  synelines  and  an  anticline  between 


them.  The  diatomite  is  removed  by  carryalls  and  electric- 
powered  shovels.  The  mining  is  selective  and  follows 
high-quality  strata.  The  diatomite  is  loaded  in  28-yard 
and  22|-yard  bottom  dump  trucks  and  is  dumped  into 
glory  holes  situated  at  convenient  points.  From  the  bot- 
tom of  the  glory  holes  it  is  hauled  in  trains  to  an  under- 
ground blending  and  crushing  plant.  The  total  length  of 
tunnels  is  now  nearly  3  miles.  Tunnels  are  up  to  12  feet 
ill  diameter  and  are  driven  entirely  in  diatomite.  The 
glory  holes  and  tunnels  are  dry,  no  blasting  is  necessary, 
and  the  material  holds  up  so  well  that  very  little  ground 
support  is  needed.  Loaded  trains  pass  through  the  branch 
haulage  tunnels  into  the  main  tunnel  and  to  crude  ore 
bins  above  the  primary  blending  and  crushing  plant. 


Figure  7.  An  elevating  loader  loading  overburden  into  a  bot- 
tom-dump truck  in  one  of  the  Johns-Manville  diatomite  quarries. 
Photo  by  Joe  Ames,  courtesy  Johns-Manville. 
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Figure  8. 


Haulage  train  transporting  crude  diatomite  from  quarry  to  processing  i)Iant,  Johns-Manville  Products  Corporation, 
Lompoc.  Photo  hy  Joe  Ames,  courteny  Johms-Munrille. 


The  crude  is  taken  to  the  hammer  mills  and  is  dis- 
tributed by  conveyor  belts  to  drying,  milling,  classify- 
ing, and  processing  units  used  in  the  surface  plant.  Very 
accurate  control  of  plant  feed  is  maintained.  The  crude 
crushed  diatomite  goes  through  a  series  of  drying,  mill- 
ing, and  classification  processes  (fig.  10)  (Huttl,  1949). 
The  final  products  include  both  calcined  and  uncalcined 
diatomite  but  the  greater  proportion  now  is  calcined. 

Johns-Manville  formerly  operated  a  quarry  for  the 
recovery  of  natural  insulating  brick.  This  operation  has 
been  discontinued  and  a  new  dry-pressed  and  calcined 
fabricated  brick  is  produced  instead.  It  is  used  for  in- 
sulating refractories  up  to  2200°  F.  During  1956  the 
company  is  completing  construction  of  a  new  plant  at 
Lompoc  for  manufacture  of  synthetic  silicates  (fig.  9). 
They  are  to  be  made  directly  from  crude  diatomite  by 
reactions  w^ith  lime  or  magnesia  under  pressure.  Result- 
ing will  be  a  new  line  of  products  for  use  as  inert  ab- 
sorbents, bulking  agents  or  extenders  in  paints,  paper, 
cleansers,  insecticides,  fertilizers  and  others  (Briggs, 
1956). 

The  deposit  that  has  been  developed  by  Dicalit_e  7 
miles  southeast  of  Lompoc  is  also  in  the  lower  part  of 
the  Sisquoc  formation  and  is  exposed  over  1500  acres. 
Structurally,  the  deposit  lies  in  a  local  basin  2  miles  long, 
which  includes  three  synclines  and  two  anticlines  strik- 
ing generally  N.  85°  W. ;  dips  range  from  horizontal 
to  50°. 


The  major  syncline  on  the  Dicalite  property  is  com- 
plicated by  numerous  folds.  Some  are  closed,  which 
makes  it  possible  to  quarry  selected  strata  continuously 
around  a  trough-shaped  synclinal  basin.  The  dips  of 
strata  range  from  nearly  flat  to  35°. 

Land  holdings  by  Dicalite  include  approximately  750 
acres.  Operations  at  this  quarry  were  started  in  1948 
and  originally  supplied  part  of  the  crude  diatomite 
processed  at  Walteria  in  Los  Angeles  County.  Mining  is 
done  by  carrj-alls  that  scrape  the  diatomite  into  a  25- 
cubic  yard  bin.  Prom  the  quarries  it  is  delivered  to  a 
new  processing  plant  about  7  miles  from  the  mine ;  some 
diatomite  is  still  trucked  to  the  Walteria  plant.  The 
Lompoc  plant  was  completed  in  1952;  description  of 
this  plant  was  recently  published  by  Hull,  et  al.,  in  1953 
(fig.  11).  All  of  the  diatomite  formerly  was  trucked  to 
the  Walteria  plant. 

The  diatomaceous  beds  mined  by  Dicalite  on  the  north 
side  of  the  Palos  Verdes  Hills  in  Los  Angeles  County 
have  been  folded  to  form  a  series  of  minor  anticlines  and 
synclines  and  are  faulted  along  the  north  side  of  the 
deposit.  In  this  area  Dicalite  leases  308  acres  and  op- 
erates a  large  quarry  and  processing  plant.  Gay  and 
Hofl'man  (1954)  recently  gave  an  account  of  this  opera- 
tion. Here  locally  contorted  but  generally  northeast- 
dipping  strata  20-35°  are  selectively  mined  and  proc- 
essed at  a  plant  nearby,  built  by  Dicalite  in  1930  and 
purchased  by  the  Great  Lakes  Carbon  Corporation  in 
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Figure  0.     Johns-Manville  "Celite"  plant  at  Lompoc.  The  new  synthetic  silicate  plant  under  construction   in  195C  is  shown   in 

upper  right.  Photo  by  Joe  Ames,  courtesy  •Johns-Manville. 
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Figure  10.     Essential  steps  in  processius  crude  diatomite  at  Lomi)oc  plant  of  Johns-Manville  (Huttl,  19.if9) .  Reproduced  hy  permission  of 
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riGUKE  11.     Flow  sheet  for  processing  of  diatomaceous  earth  at  Great  Lakes  Carbon  Corporation,  Lompoc.  Reprinted  from  Industrial  and 
Engineering  Chemistry,  vol.  45,  p.  256.  Copyright  1953  by  American  Chemical  Society. 
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1944.  Although  some  underground  mining  was  carried 
an  in  this  area  many  years  ago,  Dicalite  Division  leased 
the  deposit  and  all  of  the  later  operations  by  Dicalite 
have  been  by  open  pit  methods,  and,  like  other  diatomite 
operations,  are  carried  on  without  explosives.  Mining  is 
done  very  selectivelj^  with  a  man  and  hand  shovel  assist- 
ing the  power  shovel  in  the  separation  of  desirable  crude 
from  non-commercial  material.  Some  crude  diatomite  is 
left  in  storage  piles  to  dry  before  being  trucked  a  short 
distance  to  the  mill. 

After  delivery  to  the  mill  the  crude  diatomite  is 
crushed  in  a  hammer  mill  to  about  1  inch  size  and  then 
dried  at  800-900°  F.  Most  goes  through  a  series  of  proc- 
esses including  calcination  in  large  gas-fired  rotary  kilns 
at  temperatures  of  1600°  to  2000°  F.  Three  types  of 
diatomite  products  result :  natural,  which  has  been  dried, 
milled,  and  air-classified ;  calcined,  which  has  been  dried, 
milled,  burned  at  a  high  temperature  and  air-classified; 
and  processed  calcined,  which  has  been  dried,  milled, 
subjected  to  high-temperature  fluxing  and  air-classified. 

In  earlj^  1954,  Dicalite  succeeded  in  greatly  expanding 
its  usable  reserves  of  high-grade  diatomite  in  this  area 
by  acquiring  control  of  some  6800  acres  of  land  in  the 
Palos  Verdes  Hills.  This  includes  the  165  acres  under- 
lain by  high-quality  diatomite  located  3  miles  from  the 
processing  plant  at  Walteria.  The  surrounding  area  is 
one  of  rapid  high-class  residential  development ;  there- 
fore a  new  type  of  operation  is  being  used  to  minimize 
dust,  noise,  and  undesirable  appearance.  It  is  a  trenching 
method  which  includes  extraction  of  the  diatomite  and 
refilling  of  the  trench  behind  the  operation.  The  crude 
diatomite  is  trucked  from  the  quarry  to  the  Dicalite 
plant  at  Walteria.  This  operation  is  expected  to  make 
possible  a  continuing  source  of  supply  for  the  Walteria 
plant  for  many  years  to  come. 

A  deposit  of  diatomite  near  Bradley  in  southern  Mon- 
terey County  was  acquired  a  few  years  ago  by  the  Dica- 
lite Division  of  the  Great  Lakes  Carbon  Corporation. 
This  diatomite  is  in  the  upper  part  of  the  Monterey 
formation  and  is  underlain  by  porcelaneous  rock  and 
cherts. 

UTILIZATION 

The  uses  of  diatomite  have  been  increasing  steadily 
in  the  past  few  years  in  response  to  very  active  research 
ind  sales  efforts  by  the  largest  producers.  The  principal 
ases  in  the  United  States  were  grouped  as  follows  in 
1954  (U.  S.  Bureau  of  Mines,  1956)  :  (1)  filtration,  51 
percent;  (2)  fillers,  29  percent;  (3)  insulation,  8  per- 
cent; and  (4)  lightweight  aggregate,  pozzolanic  concrete, 
ibrasives,  and  miscellaneous,  12  percent.  Comparable 
figures  for  sales  of  prepared  diatomite  in  California  for 
the  period  1953-55  are,  respectively,  62,  25,  8,  and  5 
percent. 

The  greatest  expansion  in  the  use  of  diatomite  in  the 
past  few  years  has  come  through  its  applications  in  in- 
iustrial  filtration.  Sugar  solutions  were  among  the  first 
Sltered  by  diatomite  but  other  products  now  include 
oetroleum,  chemicals,  varnishes  and  shellacs,  waxes  and 
resins,  metallurgical  plating  solutions,  vegetable  oils, 
mimal  fats,  gelatins,  antibiotics,  and  polluted  water. 
The  filteraid  manufacturing  process  has  become  very 
complex.  Nine  basic  grades  of  filteraids  are  produced 
by  Dicalite  alone,  with  the  faste'St  flow  rate  20  times 


the  slowest.  The  faster  grades  have  lower  clarification 
but  the  selection  of  the  most  suitable  grade  for  a  given 
industrial  problem  is  a  matter  requiring  laboratory  fil- 
tration tests  followed  by  actual  plant  usage.  In  filter 
use,  diatomite  powders  are  mixed  with  the  liquid  to  be 
filtered  and  as  the  liquid  goes  through  the  filter,  the  diat- 
omite collects  to  form  a  porous  cake  on  the  filter  mem- 
brane. The  amount  of  diatomite  necessary  in  a  filteraid 
is  usually  from  ^V  to  I  of  1%  of  the  weight  of  the 
liquid.  The  low  bulk  density  of  diatomite  powders  (6 
to  12  pounds  per  cubic  foot),  void  volume  of  75  to  85 
percent,  the  particle  size  range  of  the  many  species  of 
diatom  usually  present,  and  chemical  inertness  of  the 
material  account  for  much  of  its  value  as  a  filtration 
medium.  Processing  of  the  crude  diatomite  to  produce 
the  filteraid  products  is  highly  specialized  and  industry 
specifications  are  rigid. 

Diatomite  is  used  as  a  mineral  filler  in  many  products 
which  require  bulk  and  improved  toughness,  elasticity, 
absorptiveness,  and  heat  conductivity.  Paper  products, 
paints  and  lacquers,  plastics,  asphalt  products,  and  in- 
secticides are  important  products  in  which  diatomite 
is  used. 

The  high  percentage  of  voids  and  high  melting  point 
(about  2900°  F.)  of  diatomite  make  it  useful  in  heat 
and  sound  insulation.  It  is  used  in  building  construc- 
tion, in  kilns,  and  in  industrial  furnaces.  Some  of  the 
insulating  brick  manufactured  may  be  used  at  tempera- 
tures as  high  as  2500°  F. 

Diatomite  has  a  large  number  of  miscellaneous  iises; 
according  to  Leppla  (1953)  over  300  are  recognized. 
Among  the  more  important  of  these  minor  uses  are  in 
lightweight  aggregates  and  in  pozzolanic  concrete.  Its 
ability  to  absorb  liquid  150  to  200  percent  of  its  weight 
without  changing  form  is  one  of  its  most  useful  prop- 
erties.  In   California,   Airox   Company,   Casmalia,   and 
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Basalt  Rock  Company,  Napa,  have  produced  diatomite 
for  pozzolan;  the  Simon  Newman  Company  has  pro- 
duced a  diatomite  sweeping  compound.  Diatomite  has 
long  been  used  as  a  mild  abrasive  in  metal  polishes.  It  is 
used  as  a  carrier  for  catalysts  in  chemical  processes  and 
in  insecticides,  to  furnish  the  necessary  silica  in  ceramic 
bodies  and  glazes,  as  an  anti-caking  agent  in  ammonium 
nitrate  fertilizers,  in  oil-well  cementing,  and  for  many 
other  purposes. 

MARKETING 

California,  as  the  leading  diatomite-producing  state, 
is  followed  in  order  by  Nevada,  Oregon,  Washington, 
Arizona  and  New  Mexico.  Increasing  amounts  of  diato- 
mite are  moving  out  of  California  to  other  states  and  to 
foreign  markets.  Although  not  accurately  known,  about 
75  percent  of  western  output  is  believed  to  be  sold  east 
of  the  Mississippi  River,  and  12  to  15  percent  exported. 
The  United  States  Bureau  of  Mines  (Chandler,  1955) 
reported  that  the  production  of  diatomite  in  1954  in  the 
United  States  exceeded  300,000  tons,  with  a  value  at  the 
mine  of  more  than  $10,000,000.  Average  value  per  ton 
at  the  mine,  reported  to  the  Bureau  of  Mines,  increased 
from  $15  in  the  1930 's  to  $30  for  the  period  1951-1953. 
The  average  value  per  ton  of  sales  of  prepared  diato- 
mite by  California  operators  for  the  period  1953-55  rose 
to  $37.60.  California  prices  have  been  consistent  with 
these  figures,  except  for  a  considerably  lower  price  for 
the  small  amount  of  diatomite  used  for  pozzolan  in  con- 
crete and  for  much  higher  prices  for  a  small  percentage 
of  special  grades  sold  in  bags.  The  Oil,  Paint  and  Drug 
Reporter,  in  1953,  quoted  the  following  prices  for  proc- 
essed diatomite :  Domestic  bags,  c.l.,  ton,  Atlantic  Coast, 
$52-55;  California,  $42-45;  l.c.l.,  warehouse,  $85-90. 

The  outlook  for  the  owner  or  lessor  of  a  small  diato- 
mite deposit  in  California  is  not  encouraging.  In  past 
years  small  operators  producing  diatomite  for  filter  aids, 
floor  sweepings,  and  fillers  have  had  no  continued  suc- 
cess. Buyers  of  diatomite  products  now  demand  guaran- 
teed volume,  require  the  meeting  of  rigid  and  uniform 
specifications,  and  expect  engineering  advice  and  con- 
sultation. The  successful  seller  must  therefore  control 


Production  of  diatomite  in  California,  1889-1955  * 


Year 

Tons 

Value 

Year 

Tons 

Value 

1889. 

39 

Jl,335 

1914 

12,840 

t80,350 

1890-92 

0 

0 

1915 

12,400 

62,000 

1893 

50 

2,000 

1916 

15,332 

86,649 

1894... 

51 

2.040 

1917 

24,301 

127,510 

1895-96 

0 

0 

1918 

35,963 

189,459 

1897... 

5 

200 

1919 

40,200 

217,800 

1898-1901... 

0 

0 

1920 

60,764 

1,056,260 

1902 

422 

2,532 

1921-22  .. 

90,739 

1,016,675 

1903 

2,703 

16,015 

1923-25  .. 

193,064 

5,729,736 

1904 

6.950 

112,282 

1926-28  .. 

275,403 

1,995,923 

1905 

3,000 

15,000 

1929-31  .. 

300,017 

4,848,661 

1906 

2,430 

14,400 

1932-34  .. 

203,228 

3,104,154 

1907 

2,531 

28,948 

1935-37  .. 

290,908 

4,243,572 

1908. 

2,950 

32,012 

1938-40  .. 

266,358 

3.941,941 

1909. 

600 

3,500 

1941-43  .. 

425,745 

6,692,051 

1910 

1,843 

17,617 

1944-46  .. 

460,654 

9,324.111 

1911 

2,194 

19,670 

1947-49  .. 

546,144 

14,249,443 

1912 

4,129 

17,074 

1950-52  .. 

626,288 

18,801,913 

1913 

8,645 

35,968 

1953-55  .. 

752,798 

28,299,664 

•  From  1923  to  date,  3-year  combinations  are  used  to  conceal  annual  output  of  individual 
operators. 


very  large  deposits  of  high  quality  material,  must  oper- 
ate an  expensive  processing  plant,  and  must  carry  on 
continuing  research  in  the  development  and  marketing 
of  diatomaceous  products.  Present  operators  in  Califor- 
nia have  reserves  of  diatomite  sufficient  for  many  years 
of  operation  and  need  not  purchase  crude  diatomite  from 
other  sources.  However,  the  possibility  of  discovery  and 
development  of  large  new  deposits  still  exists  in  Califor- 
nia and  the  future  may  bring  into  use  known  deposits 
which  are  not  now  considered  of  commercial  quality. 
Rapidly  expanding  markets,  the  development  of  new  di- 
atomite products  and  uses,  and  satisfactory  reserves  of 
raw  materials  forecast  increasing  over-all  production  of 
diatomite  in  California  in  the  next  few  years. 
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FELDSPAR 

Br  Lauren  A.  Wright 


Feldspar,  which  is  used  mainly  as  a  ceramic  material, 
has  been  mined  from  pegmatite  dikes  in  California  since 
the  early  1900 's.  Since  1952,  it  also  has  been  recovered 
by  the  flotation  of  beach  sand  in  Monterey  County. 
Through  1955,  the  pegmatite  operations  had  yielded  a 
total  of  about  170,000  tons  of  potash  feldspar,  and  the 
beach  sand  plant  already  had  produced  several  tens  of 
thousands  of  tons  of  soda-potash  feldspar. 

Since  1942,  when  the  largest  of  the  pegmatite  feldspar 
mines  in  California  was  shut  down,  all  but  a  small  part 
of  the  potash  feldspar  used  in  California  has  been 
quarried  near  Kingman,  Arizona.  Although  pegmatite 
feldspar  deposits  are  numerous  in  southern  California, 
limited  demand  and  high  mining  costs  generally  have 
made  their  operation  unprofitable. 

Mineralogy  and  Sources.  The  minerals  of  the  feld- 
spar group  are  essentially  silicates  of  aluminum  in 
combination  with  various  proportions  of  potassium, 
sodium  and  calcium.  The  principal  feldspar  species 
are  orthoclase  and  microcline  (both  KAlSiaOg),  albite 
(NaAlSi.sOg)  and  anorthite  (CaAl2Si208).  These  ideal 
compositions,  however,  are  rare  in  nature.  Orthoclase  and 
microcline  ordinarily  contain  appreciable  proportions  of 
soda.  Albite  and  anorthite  are  end  members  of  a  con- 
tinuous series  known  as  plagioclase,  a  feldspar  in  which 
small  proportions  of  potash  generally  exist.  Microcline 
and  orthoclase  commonly  contain  subordinate  albite  to 
form  irregular  intergrowths  of  potash  and  soda  feldspar. 
Such  intergrowths,  known  as  perthite,  constitute  most 
of  the  feldspar  of  commerce. 

As  used  commercially,  the  term  "feldspar"  includes 
material  that  ranges  from  the  pure  mineral  to  feldspar- 
quartz  mixtures  containing  as  much  as  25  percent  quartz. 
"Potash-spar"  and  "soda-spar"  are  common  designa- 
tions based  on  the  relative  abundance  of  the  two  ele- 
ments. 

Feldspar  is  the  most  abundant  constituent  of  igneous 
rocks  and  is  common  in  many  metamorphic  rocks  and  in 
detrital  sedimentary  rocks.  Most  of  the  feldspar,  how- 
ever, is  mixed  with  other  minerals,  principally  quartz, 
mica,  and  ferromagnesian  minerals,  and  occurs  in  grains 
that  are  too  small  to  recover  without  beneficiation.  For 
many  years,  before  the  development  of  froth  flotation 
methods  to  recover  feldspar,  high-quality  feldspar  was 
obtained  only  from  coarse-grained  concentrations  of  the 
mineral  in  certain  pegmatite  bodies. 

Mineable  concentrations  of  pegmatite  feldspar  ordi- 
narily lie  in  the  central  parts  (intermediate  zones  and 
cores)  of  complex  dikes,  and  form  lenses  and  pods  from 
a  few  feet  to  several  hundred  feet  in  maximum  dimen- 
sion. Much  coarse-grained  pegmatite  consists  of  feldspar- 
quartz  mixtures,  and  individual  crystals  several  feet  in 
diameter  are  not  uncommon.  In  many  pegmatite  bodies, 
coarse  perthite  crystals  contain  regularly  arranged  inclu- 
sions of  quartz  to  form  an  intergrowth  known  as  graphic 
granite. 

In  general,  only  pegmatite  composed  largely  of  potash 
feldspar  crystals  at  least  6  inches  in  maximum  dimen- 
sion has  been  considered  to  be  mineable  for  feldspar. 
In  some  deposits  the  perthite  crystals  or  crystal  aggre- 


gates are  large  enough  to  permit  the  large-scale  breaking 
of  nearly  pure  masses  of  feldspar,  but  in  most  deposits 
the  coarse  crystals  of  perthite  and  quartz  are  so  inti- 
mately mixed  that  they  must  be  broken  together  and  then 
hand  sorted.  Other  less  abundant  minerals,  such  as  mica 
and  garnet,  also  must  be  carefully  removed  from  the 
feldspar  concentrates. 

"With  the  advent  of  flotation  methods  for  the  benefi- 
ciation of  feldspar-bearing  rocks,  a  less  selective  mining 
of  pegmatites  and  other  granitic  rocks,  as  well  as  feld- 
spathic  sands,  became  possible.  The  treatment  of  these 
materials,  however,  generally  yields  potash  feldspar  and 
soda-lime  feldspar  mixtures  that  are  markedly  lower  in 
potash  than  the  feldspar  that  has  been  specified  for  most 
ceramic  uses.  Consequently,  selectively  mined,  coarse- 
grained pegmatite  continues  to  be  the  major  source  of 
high-quality  potash  feldspar.  Pegmatite  bodies  also  con- 
tribute much  of  the  material  for  beneficiation,  but  the 
principal  sources  are  finer-grained  rocks  that  can  be 
broadly  classified  as  leucogranites. 

In  a  general  way,  feldspar  enters  into  the  mineral 
industry  as  a  component  of  sand,  gravel,  and  stone  (see 
corresponding  sections  in  this  volume).  Feldspar  also  is 
the  principal  constituent  of  nepheline  syenite  and  aplite 
— two  rocks  which  are  competitive  with  feldspar  in  cer- 
tain ceramic  uses. 

Since  the  early  1920 's  pegmatite  bodies  in  North  Caro- 
lina have  been  the  principal  source  of  feldspar  in  the 
United  States  and  in  1953  contributed  about  two-thirds 
of  the  nation's  453,000-ton  output.  The  remainder  was 
mined  mostly  from  deposits  in  Colorado,  Maine,  New 
Hampshire  and  South  Dakota. 

Much  of  the  high-potash  feldspar  consumed  in  Cali- 
fornia, and  virtually  all  of  such  material  brought  into 
the  state,  has  been  obtained  from  pegmatite  dikes  near 
Kingman,  Arizona,  that  are  operated  by  the  Consolidated 
Feldspar  Department  of  the  International  Minerals  and 
Chemicals  Corporation.  By  1955,  the  Kingman  locality 
had  yielded  about  150,000  tons  of  feldspar  which  had 
been  marketed  largely  in  California.  At  this  locality, 
several  pegmatite  dikes  *  cut  schistose  country  rock.  The 
larger  dikes  are  about  90  feet  in  maximum  width  and 
several  hundred  feet  long,  and  contain  interior  zones 
of  very  coarse-grained  quartz-perthite  pegmatite  that 
conform  with  bulges  in  the  walls  of  the  dikes.  These 
bodies,  in  which  large  reserves  of  feldspar  remain,  have 
been  mined  in  four  quarries  all  within  an  area  about 
1,500  feet  square.  The  feldspar  is  hand  sorted  and 
trucked  to  a  mill  at  Kingman. 

Localities  in  California.  Pegmatite  bodies  associated 
with  the  Mesozoic  igneous  rocks  of  the  Southern  Cali- 
fornia batholith  in  Riverside  and  San  Diego  Counties 
have  been  the  source  of  most  of  the  ceramic-grade, 
potash-feldspar  produced  in  California.  Feldspar  of 
this  type  also  has  been  mined  from  pegmatites  in  the 
western  foothills  of  the  Sierra  Nevada,  in  Monterey 
County,  and  at  scattered  localities  in  the  desert  regions 
of  eastern  and  southern  California  (fig.  1).  In  only  a 

•  Data  on  the  Kingman  pegmatites  has  been  Icindly  supplied  by 
R.  H.  Jahns  of  the  Division  of  the  Geological  Sciences,  Cali- 
fornia Institute  of  Technologj-. 
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EXPLANATION 

®        Deposits  octive  in  1955 
X        Deposits   inoctive  in  1955 
O       Districts    inoctive  in  1955 


MEXlt^O 


I    Childers    feldspar    mine,   Fresno  Co. 
Z.  Pocific  Crowe   Beach  sand  deposits,  Monterey  Co. 
3     J.C.Jens   feldspar   mine,   Ctiualor   Canyon,    Monterey 
Co. 

4.  Three    Rivers  -  Lemon   Cove   distri 
tains  several  small  feldspar   mines. 

5.  Nine-mile    Canyon    fcldspor   mine.    Inyo   Co. 


are  COi    CO 


6    White   Bgtte   feldspar   mine.    San   Bernardino  Co 

7.   Sweetzer  {  Rosamond)  feldspar- silica  mine,    Kern  Co. 

8    Swon   feldspar   mine,    San  Bernordino  Co. 

9.   Lokeview    Mts.  -  Winchester    district.    Riverside  Co  ; 

contoins   the    Lo  Borde,  Tulley.  and  Riverside 

Cement  Co.  feldspar  mines. 
10.   Blum    (  Perris   Mining   Co.)    feldspor  mine.  Riverside 

Co 


M     Murietlo    {American   Encoustic  Tiling   Co.  1    silico- 
feldspor  mine.   Riverside  Co. 

12.  Deheso   Cornwoll   stone   deposit,  San  Diego  Co. 

13.  Pacific   (  Houser  Canyon  )  feldspor  mine,  Son  Diego 
Co. 

14.  Elder    (  Flynt  Silico    and    Spar   Company)    feldspar- 
silica   mine.   Son  Diego  Co, 


Figure  1.     Index  map  of  southern  California,  showing  locations  of  the  principal  sources  of  feldspar  in  California. 


small  proportion  of  the  total  number  of  pegmatites  in 
California  is  the  potash  feldspar  in  large,  easily  mined 
concentrations  and,  of  these,  only  the  more  accessible 
have  been  developed.  In  all,  about  50  pegmatite  feldspar 
properties  in  California  are  known  to  have  been  produc- 
tive, and  the  combined  output  of  these  is  about  170,000 
tons. 

The  Pacific  mine,  about  5  miles  north  of  Campo  in 
San  Diego  County,  yielded  about  87,000  tons  of  feldspar 
during  its  active  period  which  extended  from  about  1921 
to  1942.  This  output  is  by  far  the  largest,  and  the  oper- 
ating period  the  longest  of  the  potash  feldspar  mines  of 
California.  Most  of  the  mining  was  done  by  the  Standard 
Sanitary  Manufacturing  Company. 

The  Pacific  pegmatite  (figs.  2  and  3;  Poote,  1951) 
forms  a  45°  dip-slope  on  the  north  side  of  Houser  Can- 
yon; it  is  a  lenticular  body  about  500  feet  in  exposed 
length  extends  down-dip  for  at  least  as  far,  and  is  about 


80  feet  in  maximum  exposed  width.  It  contains  a  border 
zone,  about  5  feet  thick,  composed  mostly  of  graphic 
granite;  a  wall  zone,  5  feet  to  20  feet  thick,  of  coarse- 
grained, quartz-perthite  pegmatite;  an  intermediate 
zone,  5  feet  to  30  feet  thick,  of  bloeky  perthite ;  and  a 
quartz  core.  The  body  is  bordered  by  granitic  and  meta- 
morphic  rocks  and  contains  elongate  inclusions  of  schist. 

Feldspar  has  been  mined,  from  both  the  wall  zone  and 
intermediate  zone,  by  benches  in  an  open  cut  which  is 
about  220  feet  high,  and  50  to  200  feet  wide.  When  the 
property  was  shut  down,  most  of  the  feldspar  that  could 
be  mined  by  surface  methods  had  been  removed.  The 
mined  material  was  crushed,  screened,  hand-sorted  to 
two  grades  and  trucked  to  a  mill  at  Campo  (Sampson, 
and  Tucker,  1931,  pp.  430-431).  The  Elder  feldspar 
mine,  also  near  Campo,  was  worked  intermittently  dur- 
ing a  ten-year  period  ending  in  1929,  but  its  total  re- 
corded yield  was  only  about  5,200  tons. 
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¥ivA  Ki;  2.     Photo  of  Pacific  feldspar  mine,  Houser  Canyon,  San  Diego  County.  Feldspar-bearing  pegmatite  forms  dip-slope  of  canyon  wall. 
This  mine  was  active  from  1921  to  1942  and  has  been  the  principal  source  of  potash  feldspar  in  California.  Photo  bp  R.  H.  Johns. 


A  pegmatite  about  3  miles  north  of  Murrieta,  River- 
side County  was  worked  during  the  period  1919-1930  by 
the  American  Encaustic  Tiling  Company,  and  has  since 
lain  idle.  Silica  was  the  principal  product,  but  several 
thousand  tons  of  potash  feldspar  also  were  mined.  Potash 
feldspar  has  been  produced  commercially  from  about  30 
other  properties  in  San  Diego  and  Riverside  Counties. 
But  all  were  short-lived  and  less  productive  than  the 
Pacific,  Elder  and  Murrieta  operations.  Several,  however, 
had  single-year  outputs  that  exceeded  1,000  tons.  These 
include  the  Riverside  Portland  Cement  Company,  TuUy, 
and  La  Borde  deposits  near  Lakeview,  the  Blom  (Perris 
Mining  Company)  deposit  near  Perris,  and  the  Machado 
deposit  3  miles  north  of  "Winchester. 

Second  to  the  Pacific  mine  in  total  recorded  produc- 
tion of  potash  feldspar  is  the  White  Butte  mine,  which 
underlies  a  low  hill  about  18  miles  southeast  of  Atolia, 
San  Bernardino  County.  The  White  Butte  deposit  was 
opened  in  1940,  had  yielded  about  18,000  tons  through 
1955,  and  has  been  worked  entirely  as  a  captive  opera- 
tion by  Gladding,  McBean  and  Company  (Wright,  et  al., 
1953,  pp.  163-165).  It  is  a  pod-like  body  about  300  feet 
by  200  feet  in  exposed  dimensions  composed  mostly 
of  exceedingly  coarse-grained  perthite-quartz  pegmatite. 
The  feldspar  has  been  quarried  selectively  and  the  quartz 
remains  as  pillars  in  the  otherwise  flat  quarry  floor. 

Much  of  the  early  interest  in  feldspar  mining  in  Cali- 
fornia centered  about  a  group  of  pegmatite  dikes  near 
Three  Rivers  and  Lemon  Cove,  Tulare  County.  The  com- 
bined output  of  these  deposits,  however,  did  not  exceed 
8,000  tons,  and  was  confined  to  the  period  1911-20. 
During  this  period  also,  the  J.  C.  Jens  mine,  about  5 
miles  east  of  Chualar  in  Monterey  County,  was  active 
and  yielded  about  5,500  tons  of  potash  feldspar. 

Feldspar  deposits  from  which  outputs  of  1,000  to  5,000 
tons  have  been  obtained  exist  at  other  widely  scattered 
localities  (Tucker  and  Sampson,  1931),  and  include  the 
Sloan  deposit,  3^  miles  north. of  Hinkley,  which  was 
worked  intermittently  during  the  period  1916-20;  the 


Sweetzer  (Rosamond)  deposit,  3  miles  northwest  of 
Rosamond,  Kern  County,  which  was  most  active  from 
1925  to  1932;  the  Nine-mile  Canyon  deposit,  about  5 
miles  west  of  Linnie,  Inyo  County,  which  was  worked 
from  1928  to  1932;  and  the  Childers  deposit  (Logan, 
Braun,  and  Vernon,  1951,  p.  502),  4  miles  northwest  of 
Auberry,  Fresno  County,  worked  mainly  from  1937 
through  1944. 

An  aplitic  dike-rock  composed  mostly  of  potash  feld- 
spar that  resembles  the  "Cornwall  stone"  mined  near 
Cornwall,  England,  has  been  quarried  in  the  Dehesa 
area  of  San  Diego  County  (Tucker,  1925,  p.  358).  The 
deposit  was  worked  in  the  1920 's  and  early  1930 's.  Its 
output,  which  probably  totaled  several  thousand  tons, 
was  used  in  tile  manufacture  (Stewart,  R.  M.,  personal 
communication,  1956). 

Anorthosite,  a  rock  composed  almost  wholly  of  calcic 
plagioclase,  occurs  in  virtually  inexhaustible  deposits  in 
the  northwestern  part  of  the  San  Gabriel  Mountains 
(Oakeshott,  1937;  Higgs,  1954;  also  see  sections  on 
titanium  in  this  volume).  The  anorthosite  in  this  area  is 
very  coarse  grained  and  consists  of  about  97  percent  an- 
desine,  and  a  remainder  composed  mostly  of  disseminated 
apatite,  zircon,  chlorite,  hornblende,  biotite  and  ilmenite- 
magnetite.  Although  quarrying  of  the  anorthosite  has 
been  attempted  at  several  places  (Sampson  and  Tucker, 
1931),  the  operators  have  failed  to  find  a  continuing 
market  for  it. 

In  1952,  with  the  establishment  of  a  flotation  unit  to 
treat  beach  sands  at  one  Pacific  Grove  plant  of  Del  Monte 
Properties  Company,  the  production  of  feldspar  in  Cali- 
fornia increased  markedly.  The  beach  sands  at  this 
locality  are  exceptionally  clean  and  consist  of  about  46 
percent  feldspar  divided  almost  equally  between  sodic 
plagioclase  and  potash  feldspar.  The  flotation  of  these 
sands,  described  in  the  specialty  sand  section  of  this  vol- 
ume, yields  a  feldspar  concentrate  which  contains  about 
20  percent  AI2O3,  5  percent  Na20,  4J  percent  KoO,  2| 
percent  CaO,  and  0.1  Fe203. 
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Figure  3.     Geologic  section  through  pegmatite  body  at  Pacific  feldspar  miue,  San  Diego  County.  {Ajter  Foote,  1951.) 


Mining  Methods  and  Treatment.  Most  of  the  feldspar 
that  has  been  mined  in  California,  as  well  as  elsewhere, 
has  been  recovered  by  surface  methods.  Although  limited 
underground  workings  exist  at  several  of  the  feldspar 
mines  in  California,  mining  costs,  the  discontinuous  na- 
ture of  the  deposits,  and  the  relatively  low  prices  for  the 
mined  product,  have  hindered  such  operations.  The 
potash  feldspar  concentrations  in  coarse-grained  pegma- 
tite have  been  worked  mainly  by  small  operations.  Even 
in  the  more  productive  districts  of  the  United  States 
few  mines  have  yielded  more  than  50  tons  a  day  of 
coarse-grained  potash  feldspar. 

All  feldspar  operations  seek  the  recovery  of  material 
free  from  impurities,  especially  iron  oxide  stains,  tour- 
maline, and  mica.  Quartz,  formerly  considered  an  im- 
purity, is  now  generally  regarded  as  a  diluent  that  may 
comprise  as  much  as  25  percent  of  commercial  feldspar. 
In  common  practice  the  feldspar  is  quarried  selectively 
by  conventional  drilling  and  blasting  methods,  then 
hand-sorted  and,  if  necessary,  hand-cobbed.  At  some 
mines  the  quarry-run  material  is  first  coarsely  crushed 
and  then  hand  picked  from  a  sorting  belt,  as  was  done 


at  the  Pacific  mine  in  San  Diego  County.  The  sorting 
commonly  yields  a  silica  coproduct  and  by-products  of 
mica,  beryl,  and  other,  less  common  minerals. 

The  potash  feldspar  generally  is  sorted  into  two 
grades:  No.  1  which  is  of  highest  quality  and  contains 
no  more  than  a  few  percent  of  quartz ;  and  No.  2,  which 
is  essentially  free  of  bothersome  impurities,  but  contains 
a  quartz  percentage  higher  than  in  No.  1  but  less  than 
about  25  percent.  Some  operations  yield  a  No.  3  grade 
which  contains  iron  stains  and/or  a  quartz  fraction 
greater  than  25  percent,  and  which  is  barely  saleable. 
The  distinctions  between  the  three  grades  commonly 
vary  from  district  to  district. 

A  simple  and  much-used  feldspar  milling  procedure 
involves:  (1)  a  crushing  of  the  sorted  material  to  -J  in. 
or  f  in. ;  (2)  passage  through  a  rotary  drier  (from, 
which  mica,  clay,  and  fines  are  removed  as  waste)  com- 
monly followed  by  passage  through  a  magnetic  separa- 
tor; (3)  grinding  in  silex-lined  pebble  mills;  and  (4) 
passage  either  to  an  air  separator  or  to  a  vibrating 
screen.  Other,  more  complex,  procedures  are  essentially 
modifications  of  this  flow  sheet  and  permit  the  blending 


Feldspar — Wright 


199 


of  different  mine  products,  automatic  sampling,  and  a 
magnetic  treatment  of  the  ground  product. 

Pegmatite  and  other  granitic  rocks  for  flotation  feed 
are  mined  in  larger  scale  and  less  expensive  operations 
than  those  that  develop  the  coarse-grained  potash  feld- 
spar concentration.  Moreover,  the  froth  flotation  of  feld- 
spar provides  a  more  efficient  recovery  of  the  mineral 
components,  an  outlet  for  material  formerly  discarded 
as  waste  in  feldspar  mines,  and  a  method  of  recovering 
feldspar  from  sand,  as  is  done  at  Pacific  Grove  in 
California. 

Utilization.  Feldspar  is  useful  mainly  because,  as  a 
constituent  of  glass,  fired  clay  products,  and  enamels,  it 
promotes  fusion  during  firing  and  imparts  strength, 
toughness,  and  durability  to  the  finished  products.  In 
glass  batches,  feldspar  also  improves  workability  and 
retards  devitrification.  As  feldspar  is  harder  than  most 
ceramic  ware  and  grinds  to  sharp-edged,  flat-faced 
equant  fragments,  it  is  effective  as  a  mild  abrasive. 

Although  in  the  period  from  1935  to  1955  the  annual 
production  of  feldspar  in  the  United  States  rose  from 
about  250,000  tons  to  nearly  500,000  tons,  the  use  pat- 
tern has  generally  been  in  the  range  of  50  to  65  percent 
tor  glass,  30  to  40  percent  for  pottery,  3  to  10  percent 
for  enamel,  and  1  to  5  percent  for  other  materials  in- 
'luding  abrasives  and  dental  and  electrical  porcelains. 
l''or  many  years  virtually  all  of  the  commercial  feldspar 
consumed  in  California  was  used  in  the  manufacture  of 
lottery,  whereas  the  natural  sands  used  by  local  manu- 
facturers of  glass  contained  sufficient  feldspar.  With  the 
'jfrowth  of  the  glass  industry  in  the  state  and  with  its 
increased  use  of  high-silica  sand,  the  feldspar  tonnage 
consumed  in  California  is  believed  to  have  become  about 
equally  divided  between  the  glass  and  pottery  manu- 
facturers. 
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Figure  4.     Generalized  flow  sheet  of  typical  feldspar  mill. 


Rigid  feldspar  specifications,  covering  fineness  of 
grinding,  chemical  classification,  and  chemical  analysis, 
have  been  recommended  by  the  National  Bureau  of 
Standards  (1930),  but  less  stringent  standards  are  met 
in  practice.  For  glass  manufacture  high-alkali  feldspar 
is  specified,  as  the  contained  potash  or  soda  supplant 
equal  amounts  of  soda  that  otherwise  would  be  supplied 
by  the  soda  ash  fraction.  Mixtures  of  potash  and  soda 
feldspar,  like  those  obtained  by  the  flotation  of  ground 
pegmatite  and  aplite  or  by  the  flotation  of  the  beach 
sands  at  Pacific  Grove,  are  now  in  general  use  by  the 
glass  industry.  Glass  feldspar  comprises  ^o  to  3^  of 
individual  batches,  should  contain  no  more  than  0.10 
of  iron  oxide,  and  should  be  ground  to  minus  20  mesh 
with  little  or  no  dust. 

For  enamel  and  most  pottery  a  high-potash  feldspar 
still  is  required,  as  it  provides  a  wider  firing  range  and 
greater  resistance  to  devitrification  than  other  feldspars. 
Pottery  and  enamel  feldspar  also  should  contain  less 
than  0.10  percent  iron  oxide,  should  fire  white  or  nearly 
so  and  should  be  consistently  of  uniform  composition. 
Pottery  feldspar  ordinarily  is  ground  to  minus  200  mesh 
and  enamel  feldspar  to  minus  140  mesh. 

Marketing  and  Prices.  The  market  for  feldspar  in 
California  has  been  smaller,  in  proportion  to  population, 
than  in  the  eastern  United  States  mainly  for  these  rea- 
sons: (1)  much  of  the  pottery  marketed  in  California 
is  manufactured  in  the  Bast,  (2)  most  of  the  glass  sand 
that  has  been  mined  in  California  is  feldspathic  and  re- 
quires little  or  no  additional  feldspar,  and  (3)  one  of 
the  principal  local  uses  dwindled  when,  in  the  mid- 
nineteen  thirties,  talc  largely  replaced  feldspar  in  wall 
tile  manufacture. 

An  increased  market  for  feldspar  in  California,  how- 
ever, has  developed  with  the  growth  of  a  local  glass  in- 
dustry and  the  expansion  of  pottery  production  in  Cali- 
fornia. In  the  mid-1905  's,  the  feldspar  consumed  annually 
by  these  two  industries  lay  in  the  general  range  of  25,000 
to  35,000  tons. 

The  renewal  of  potash  feldspar  mining  in  California, 
to  supply  the  pottery  market,  is  hindered  by  several 
factors.  Feldspar  is  a  relatively  low-cost  commodity  that 
must  be  mined,  sorted,  and  milled  with  much  care,  yet 
inexpensively.  To  develop  and  retain  a  feldspar  market 
a  producer  must  be  able  to  provide  a  uniform  product 
over  a  period  of  years.  Moreover,  little  or  no  market 
exists  for  the  crude  material,  so  that  he  must  provide 
for  grinding  either  at  his  own  or  someone  else's  mill. 

In  other  areas  of  the  United  States,  owners  of  small 
feldspar  mines  have  successfully  worked  them  by  selling 
crude  feldspar  to  operators  of  centrally  located  pebble 
mills.  Such  outlets  for  feldspar  do  not  exist  in  California. 

Although  the  market  for  soda  feldspar  in  the  glass 
industry  apparently  will  continue  to  increase,  the  re- 
covery of  soda  feldspar,  by  means  of  quarrying  and  bene- 
ficiation  of  granitic  rock,  probably  will  not  be  attempted 
as  long  as  the  Pacific  Grove  beach  sands  or  other  sand 
deposits  of  similar  composition  remain  available  in 
California. 

In  the  mid-1950  's  soda  feldspar  concentrates  unbagged 
were  valued  in  the  ranges  of  $7  to  $10  unground,  and 
$17  to  $20  ground  to  minus  325,  f.  o.  b.  Pacific  Grove. 
In  1956,  the  potash  feldspar  mined  at  Kingman,  Arizona, 
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was  being  sold,  ground  to  200-mesh  and  in  carload  or 
truckload  lots,  at  $20.75  per  ton  f.  o.  b.  Kingman. 

Smaller  lots  of  Kingman  feldspar  were  available 
through  jobbers  in  the  Los  Angeles  and  San  Francisco 
areas.  In  1956,  the  following  freight  rates  for  feldspar 
were  in  effect :  Kingman  to  Los  Angeles,  $6  per  short  ton, 
minimum  weight  50  tons,  and  $7  per  short  ton,  minimum 
weight  25  tons;  Kingman  to  San  Francisco,  $9.20  per 
short  ton,  minimum  weight  50  tons,  and  $12.40  per  short 
ton,  minimum  weight  25  tons. 
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FLUORSPAR 

By  CirAKLKS  W.  Chestf.bmax 


Fluorspar  is  an  important  nonmetallie  industrial  min- 
eral used  principally  as  a  flux  in  the  open-hearth  process 
of  steel  manufacture.  The  development  of  an  iron  and 
steel  industry  in  California  has  increased  the  consump- 
tion of  metallurgical  and  acid-grade  fluorspar,  but  the 
production  of  fluorspar  in  California  has  been  small, 
intermittent  and  unable  to  keep  pace  with  the  demands 
of  the  steel  industry.  The  total  fluorspar  production  in 
California  to  date  has  been  but  a  few  hundred  tons; 
virtually  none  was  mined  in  1954.  The  bulk  of  acid  and 
metallurgical  grades  of  fluorspar  consumed  in  California 
is  shipped  into  the  state  from  Nevada.  This  amounts  to 
15,000  or  more  short  tons  annually. 

Mineralogy  and  Geological  Occurrence.  Fluorspar  or 
fluorite  (CaF2),  is  the  only  fluorine-bearing  mineral  of 
economic  importance.  When  pure,  it  contains  48.7  per- 
cent fluorine  and  51.3  percent  calcium.  Fluorite  has  a 
hardness  of  4  in  the  Mohs'  scale,  compared  with  3  for 
ealcite  and  7  for  quartz,  and  a  specific  gravity  of  3.00  to 
3.25.  It  has  three  perfect  cleaveages  and  occurs  in  a  mul- 
titude of  colors  ranging  through  dark  purple,  blue,  and 
yellow  to  white  and  colorless.  Fluorite  is  easily  distin- 
guished from  ealcite  by  its  lack  of  effervescence  when 
treated  with  dilute  hydrochloric  acid. 

Fluorite  occurs  in  a  great  variety  of  geological  settings 
— as  fissure  fillings,  as  replacement  deposits  in  sedimen- 
tary rocks,  as  fillings  of  solution  cavities  near  faults, 
and  as  residual  deposits. 

Most  of  the  world's  output  of  fluorspar  comes  from 
deposits  in  Mexico,  Spain,  Italy,  Germany,  Canada,  and 
the  United  States.  The  bulk  of  the  world's  fluorspar  is 
consumed  by  the  producing  country,  except  Mexico  and 
Spain  which  export  virtually  all  of  their  production.  The 
fluorspar  of  commercial  interest  generally  occurs  in  veins 
and  irregular  bodies  enclosed  in  sedimentary,  metamor- 
phic,  or  igneous  rocks.  They  are  replacement  deposits 
and  cavity  fillings,  and  have  a  fluorspar  content  ranging 
from  50  to  95  percent.  The  largest  deposits,  including 
those  in  the  United  States  and  Mexico,  contain  fluorspar 
that  is  measurable  in  hundreds  of  thousands  of  tons. 

A  large  part  of  the  fluorspar  consumed  in  California 
comes  from  deposits  near  Beatty,  Nevada  where  fluor- 
spar is  mined  from  veins  4  to  20  feet  thick  in  brecciated 
and  faulted  Paleozoic  limestone.  Fluorspar  shipped  into 
the  state  from  Montana  is  obtained  from  lenticular 
bodies  in  granite  and  gneiss  from  Darby. 

Localities  in  California.  In  California,  fluorspar  de- 
posits have  been  noted  in  Inyo,  Kern,  Los  Angeles,  Lake, 
Mono,  Riverside,  San  Bernardino,  San  Diego,  Santa 
Clara,  Tulare,  and  Yolo  Counties.  Deposits  that  have 
attracted  attention  as  potential  commercial  sources  of 
fluorspar  exist  in  the  Deep  Springs  Valley,  the  Darwin 
district,  and  in  the  Panamint  Range,  Inyo  County;  in 
the  White  Mountains,  Mono  County ;  in  the  Little  Maria, 
Palen,  and  Orocopia  Mountains,  Riverside  County;  in 
the  Cave  Canyon  district,  in  the  Providence,  Riverside, 
Shadow,  and  Sidewinder  Mountains;  and  at  Clark 
Mountain,  San  Bernardino  County. 


In  Deep  Spring  Valley,  Inyo  County,  deep-purple 
fluorspar  occurs  in  veinlets  in  metamorphosed  limestone. 
The  veinlets  range  from  a  fraction  of  an  inch  to  several 
inches  in  thickness,  and  as  much  as  20  feet  in  length. 
The  larger  veins  contain  quartz,  orthoclase,  and  musco- 
vite  (Knopf,  1912).  In  the  Darwin  district,  Inyo  County, 
coarsely  crystalline  fluorite  occurs  as  a  gangue  mineral 
in  the  silver-lead  deposits  (Knopf,  1913).  Although 
there  are  local  concentrations  of  the  fluorite,  it  was  never 
recovered  commercially  from  either  area. 

At  a  deposit  on  the  north  slope  of  Warm  Spring  Can- 
yon, Panamint  Range,  Inyo  County,  fluorspar  occurs  in 
veins  from  one  foot  to  10  feet  wide  that  cut  Archean 
granite  gneiss  (Crosby  and  Hoffman,  1951,  p.  632).  The 
CaFa  content  of  representative  samples  ranged  from  29 
to  65  percent. 

In  Mono  County,  fluorspar  occurs  with  andalusite, 
museovite,  damourite,  lazulite,  corundum,  pyrophyllite, 
and  rutile  in  the  Champion  Silliraanite  Incorporated 
mine,  on  the  western  slope  of  the  White  Mountains 
(Jeffery  and  Woodhouse,  1931,  p.  461).  Fluorspar  was 
never  recovered  commercially  from  this  deposit.  Fluorite 
also  occurs  in  fissures  in  limestone  with  coarsely  crys- 
talline museovite  in  the  White  Mountains,  a  few  miles 
north  of  Westgaard  Pass,  Inyo  County.  The  veins  range 
from  a  fraction  of  an  inch  to  2  feet  in  width  and  have 
been  traced  on  the  surface  for  several  tens  of  feet.  They 
have  been  prospected  by  several  shallow  pits,  but  are  un- 
developed commercially. 

At  a  locality  near  the  north  end  of  the  Palen  Moun- 
tains, eastern  Riverside  County,  green,  white,  and  purple 
fluorspar  occurs  as  disseminated  grains  and  bunches 
closely  associated  with  malachite  and  azurite.  A  deposit 
on  the  east  slope  of  the  Little  Maria  Mountains  about 
14  miles  south  of  Rice,  Riverside  County,  contains  sev- 
eral fluorspar-bearing  veins  from  18  inches  to  3  feet  in 
width,  and  up  to  40  feet  in  length.  These  occur  in 
quartzite  and  mica  schist.  An  analysis  representative  of 
130  tons  which  was  shipped  from  this  deposit  in  1944 
to  the  National  Supply  Company,  Torrance,  California, 
showed  87  percent  CaFj,  4  percent  Si02,  0.47  percent 
CaO,  2.25  percent  AI0O3,  and  0.15  percent  FeaOg. 

The  largest  number  of  known  fluorspar  deposits  in 
California  is  in  San  Bernardino  County.  Numerous 
veins  of  fluorspar  occur  in  the  Cave  Canyon  district 
near  Afton.  Here  the  fluorspar  is  associated  with  fine- 
grained andesitic  rocks  which  occur  as  intrusive  bodies 
or  flows.  The  volcanic  rocks  are  fractured,  and  form 
breccias  which,  in  places,  contain  much  coarse  crystal- 
line fluorspar.  The  fluorspar-bearing  zones  of  brecciated 
andesite  are  irregular  and  range  from  one  foot  to  50 
feet  in  thickness.  They  are  traceable  for  nearly  2000  feet 
on  the  surface.  Some  of  the  fluorspar  occurs  in  veins 
that  range  from  a  few  inches  to  4  feet  in  thickness.  The 
richer  parts  of  the  fluorspar-bearing  zones  locally  con- 
tain 10  to  40  percent  fluorite,  but  such  areas  are  small. 
Both  silica  and  ealcite  are  present,  but  metallic  sulfides 
are  lacking.  Analysis  of  representative  samples  showed  a 
range  of  35  to  86  percent  CaFa,  8  to  44  percent  SiOo, 
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FLUORSPAR     DEPOSITS     IN    CALIFORNIA 


I.  DARWIN    AREA,    INYO    COUNTY 

2  WARM    SPRING    CANYON    AREA,  INYO    COUNTY 

3  CHAMPION    SILLIMANITE     MINE    AREA,   MONO    COUNTY 

4  WESTGAARD    PASS  AREA, INYO    COUNTY 

5  LITTLE   MARIA  MOUNTAINS  AREA,  RIVERSIDE   COUNTY 
6,  AFTON   CANYON   AREA,  SAN  BERNARDINO   COUNTY 

7  CLARK    MOUNTAIN   AREA,  SAN    BERNARDINO   COUNTY 

8  NIPTON   AREA, SAN   BERNARDINO    COUNTY 
9.  OROCOPIA    MOUNTAINS   AREA,  RIVERSIDE    COUNTY 


FlQUBE  1. 


and  2  to  29  percent  CaCOs  (Burchard,  1933,  pp.  373- 
374). 

On  the  north  side  of  Clark  Mountain  near  Mountain 
Pass,  eastern  San  Bernardino  County,  fluorspar  occurs 
with  sericite  in  replacement  veins  along  discontinuous 
shear  zones  in  the  Goodsprings  (Cambrian)  dolomite. 
The  fluorspar  veins  range  in  width  from  4  to  50  feet, 
in  length  from  100  to  400  feet,  and  contain  on  the  aver- 
age between  40  and  60  percent  fluorite.  They  have  been 
prospected  through  several  openings  and  one  inclined 
shaft  85  feet  deep  was  bottomed  in  fluorspar  (Crosby 
and  Hoffman,  1951). 

Another  fluorspar  deposit  lies  a  few  miles  east  of  Nip- 
ton,  near  the  California-Nevada  boundary  line.  The 
fluorspar  occurs  in  pre-Cambrian  gneiss  and  forms  veins 
from  12  inches  to  3  feet  wide.  The  vein  material  is  low 
grade  and  most  of  it  would  require  concentration  to 
bring  it  up  to  a  marketable  product.  One  narrow  vein, 
however,  yielded  material  containing  85  percent  fluorite 
(Burchard,  1933,  p.  395). 

Other  deposits  of  fluorspar  in  San  Bernardino 
County  include  occurrences  at  the  following  localities: 
the  southern  part  of  the  Riverside  Mountains,  26  miles 


south  of  Cima ;  an  area  half  a  mile  wide  south  of  Baxter ; 
the  copper  and  silver  mines  in  the  New  York  Mountains ; 
an  area  a  few  miles  west  of  Barnwell;  the  northeast 
slope  of  Shadow  Mountain,  Silver  Mountain  mining  dis- 
trict (Tucker  and  Sampson,  1943,  pp.  413-414). 

In  1955,  fluorspar  was  discovered  in  the  Orocopia 
Mountains,  a  few  miles  south  of  Shaver  Summit,  eastern 
Riverside  County.  Here  several  veins  of  fluorspar,  rang- 
ing from  a  few  inches  to  6  feet  in  width,  occur  in  shear 
and  breccia  zones  in  coarse-grained  Mesozoic  quartz 
monzonite.  The  veins  are  parallel  and  pinch  and  swell 
along  their  strike.  The  largest  vein  has  been  prospected 
intermittently  along  a  strike  length  of  500  feet.  Mine 
run  fluorspar  contains  over  91  percent  CaF2,  and  a 
hand-picked  sample  was  found  to  contain  97.83  percent 
CaF2.  The  fluorspar  meets  all  specifications  for  metal- 
lurgical uses,  and  a  small  shipment  was  made  early 
in  the  spring  of  1955  to  the  Kaiser  Company  at  Fontana, 
California,  for  use  in  the  blast  furnace. 

Utilization  and  Specifications.  Fluorspar  has  several 
properties  which  promote  its  use  in  many  industries. 
Because  of  its  low  melting  point  (1270°  to  1387°  C), 
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Figure  2.  View  of  the  liniiiirstake  Mining  Company  s  fluorspar  prospect,  (jrofopia  .Moun- 
tains, Riverside  County,  California.  The  workings  are  on  a  large  fluorspar  vein  which  trends 
northeast,  and  is  mostly  4  to  6  feet  wide.  The  wall  rock  is  coarse-grained  Mesozoic  quartz 
monzonite.  Observer  faces  southwest. 


its  low  viscosity  when  molten,  and  its  ability  to  form 
I'litecties,  fluorspar  finds  wide  application  in  many  metal- 
lurgical processes.  Fluorspar  is  also  the  source  for 
lluorine  in  the  manufacture  of  hydrofluoric  acid  which 
is  important  not  only  to  the  glass  manufacturer  but  in 
the  manufacturing  of  fluorine  chemicals. 

The  principal  use  of  fluorspar  is  as  a  flux  in  the  basic 
open-hearth  and  electric  furnace  processes  of  steel  manu- 
facture. In  1953  the  steel  industry  of  the  United  States 
consumed  about  287,607  tons  of  fluorspar,  an  average  of 
about  6  pounds  per  ton  of  steel.  Small  amounts  of  fluor- 
spar are  used  in  refining  gold,  lead,  copper,  and  anti- 
mony, and  in  the  manufacturing  of  primary  aluminimi 
and  magnesium. 

Undesirable  impurities  in  fluorspar  intended  for  metal- 
lurgical use  include  silica,  sulfur,  and  phosphorus.  The 
last  is  seldom  abundant  enough  to  present  much  diffi- 
culty, but  the  amounts  of  silica  and  sulfur  must  be  kept 
below  6  percent  and  0.3  percent,  respectively.  The  fluor- 
spar must  be  free  from  fines  and  "reasonably  free  from 
barytes  or  zincblende,  calcite,  and  limestone"  (Dunham, 
1952,  p.  3). 

Metallurgical-grade  fluorspar  should  contain  at  least 
85  percent  CaF2.  Shipments  of  fluorspar  analyzing  be- 
tween 80  and  85  percent  CaF2  are  subject  to  penalties, 
and  if  the  material  analyzes  below  80  percent  CaFo,  it 
will  probably  be  refused.  Similarly,  penalties  are  usu- 
ally assessed  on  any  material  containing  more  than  6  per- 
cent silica.  Lack  of  supplies  of  metallurgical-grade  fluor- 
spar conforming  to  the  desired  specifications  led  some 
users  to  accept  material  of  much  lower  grade  during 
World  War  II. 

About  38  percent  of  the  fluorspar  consumed  in  the 
United  States  is  used  in  the  manufacture  of  hydrofluoric 
acid.  An  exceptionally  pure  grade  of  finely  ground  (80 
to  100  mesh)  fluorspar  is  recjuired  in  the  process.  Nor- 
mally, the  specification  for  acid-grade  fluorspar  calls  for 


a  minimum  of  97  percent  CaF2,  with  less  than  1.0  per- 
cent each  Si02,  Fe203,  AI2O3,  and  CaCOs,  and  no  man- 
ganese, chromium,  or  sulfides. 

Hydrofluoric  acid  was  first  utilized  in  the  etching  of 
glass,  but  it  now  has  many  other  applications,  and  the 
demand  for  it  continues  to  expand.  "A  range  of  com- 
pounds prepared  from  it  includes  fluorides  of  Na,  NH4, 
K,  Mg,  Ba,  Al,  Pb,  Zn  and  Li  for  fungicides  and  for 
use  in  the  light  metal  industry ;  bi-fluorides  for  etching ; 
double  fluorides  with  Al,  Ti,  Zn,  and  Be  for  metallurgy ; 
siliconfluorides  for  lead  plating  and  insecticides;  and 
borofluorides  for  plating.  Hydrofluoric  acid  is  used  in 
the  production  of  synthetic  organic  compounds  of  fluo- 
rine and  chlorine  sold  under  the  trade  name  of  '  Freon '  ' ' 
(Dunham,  1952,  p.  4),  which  is  used  in  refrigeration 
and  as  a  solvent  and  propellant  for  insecticides.  A  ther- 
moplastic known  as  Teflon  (polytetrafluorethylene)  pos- 
sesses a  high  degree  of  chemical  resistance  at  tempera- 
tures up  to  250°  C.  Artificial  cryolite,  used  with  natural 
cryolite  in  the  production  of  aluminum  by  electrolysis, 
is  prepared  from  impure  acid-grade  fluorspar.  Anhy- 
drous hydrogen  fluoride  is  employed  as  a  catalyst  in 
the  alkylation  process  for  the  manufacture  of  100-octane 
gasoline  and  in  the  preparation  of  elemental  fluorine. 

Third  in  consumption  of  fluorspar  is  the  ceramic  in- 
dustry which,  in  1953,  consumed  slightly  more  than 
38,000  short  tons  in  the  United  States.  Finely  ground 
fluorspar  is  used  to  manufacture  opalescent,  opal, 
opaque,  and  colored  glass.  Fluorspar  is  an  important 
constituent  in  earthenware  glazes  and  opacified  enamels. 
For  these  uses  fluorspar,  designated  as  ceramic-grade, 
must  contain  at  least  95  percent  CaF2,  less  than  4  per- 
cent Si02  and  less  than  0.14  percent  Fe203. 

A  small  amount  of  clear,  transparent,  nearly  colorless 
fluorspar  is  used  to  manufacture  lenses,  especially  those 
for  use  in  microscopes.  "For  this  purpose  fluorite  pieces 
must  be  at  least  ^-inch  in  diameter,  free  from  flaws, 
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CONSUMPTION  SOURCES 

Figure  3.  Fluorspar  sales  (domestic  and  foreign)  to  consumers 
in  the  United  States,  1953,  by  consuming  industry  and  by  source, 
in  percent. 

and  colorless  or  nearly  colorless.  Optical-quality  fluorite 
usually  exhibits  a  eonchoidal  fracture  and  is  generally 
obtained  from  large  crystals  or  cleavage  octahedra  from 
Great  Britain"  (Dunham,  1952,  p.  5). 

During  "World  War  II  artificial  fluorite  crystals  up  to 
6  inches  across  were  produced  under  government  con- 
tract for  optical  use.  Minor  amounts  of  fluorspar  are 
consumed  in  making  iron,  ferroalloys,  cement,  and  weld- 
ing-rod coatings.  One  of  the  more  important  fluorine 
chemicals  is  uranium  hexafluoride,  used  for  the  gaseous 
diffusion  separation  of  the  uranium  isotopes  U236  and 

U238- 

Markets.  In  1953  the  United  States  produced  318,036 
short  tons  of  fluorspar  valued  at  $15,736,321  and  im- 
ported 361,219  short  tons.  About  20,000  short  tons  of 
fluorspar  were  consumed  by  industries  in  California.  All 
of  this  fluorspar  was  shipped  into  California  from 
sources  in  Nevada,  Montana,  and  Mexico.  At  least  9,200 
tons  of  fluorspar  were  consumed  for  metallurgical  uses, 
9,200  tons  for  the  manufacture  of  hydrofluoric  acid  and 
aluminum  fluoride,  and  800  tons  for  the  ceramic  in- 
dustry. 

Metallurgical-grade  fluorspar  is  marketed  on  the  basis 
of  "effective"  CaF2  content.  The  effective  CaFa  content 
of  a  fluorspar  concentrate  is  calculated  on  the  following 
basis :  percentage  fluorspar  minus  2.5  times  the  percent- 
age silica  =  effective  CaFa  content.  For  example,  a  con- 
centrate containing  85  percent  fluorspar  and  6  percent 
silica  would  have  an  effective  CaFg  content  of  70  percent 
(85%  — 2.5x6%  =  70%). 

In  November  1955,  metallurgical  fluorspar  containing 
70  percent  or  more  effective  CaFa  was  quoted  at  $32.00 
per  short  ton  f.o.b.  at  the  mine  in  Illinois  and  Kentucky. 
The  same  grade  of  fluorspar  is  being  imported  into  the 
United  States  from  Mexico  and  sold  across  the  border 
at  El  Paso,  Texas,  at  $27.00  to  $29.00  per  short  ton,  or 


delivered  to  the  consumer  in  San  Francisco,  California, 
from  $39.00  to  $41.00  per  short  ton. 

The  bulk  of  the  acid-grade  fluorspar  imported  into 
California  is  consumed  by  the  Kaiser  Aluminum  and 
Chemical  Company.  The  fluorspar  comes  from  deposits 
in  Nevada  and  is  shipped  to  the  General  Chemicals  Com- 
pany for  manufacture  of  aluminum  fluoride  for  use  by 
the  Kaiser  Aluminum  and  Chemical  Company  in  the  pro- 
duction of  aluminum  and  chemicals.  Acid-grade  fluor- 
spar containing  not  less  than  97  percent  CaF2  sold  at 
$47.50  per  short  ton  f.o.b.  mine  in  carload  lots.  The  acid- 
grade  fluorspar  shipped  in  to  California  from  Nevada 
sold  for  $41.00  per  short  ton  f.o.b.  the  mine.  Ceramic- 
grade  fluorspar  containing  not  less  than  94  percent  CaFa 
sold  for  $65.00  per  ton  in  paper  bags  f.o.b.  the  grinding 
plant. 

Potential  producers  of  fluorspar  in  California  are 
faced  with  the  problem  of  selling  their  fluorspar.  As  the 
Kaiser  Steel  Company  and  the  Kaiser  Aluminum  and 
Chemical  Company  are  the  largest  buyers  of  both  aeid- 
and  metallurgical-grades  fluorspar  in  California,  they 
would  be  the  firms  most  interested  in  new  sources  of  sup- 
ply. Substantial  amounts  of  metallurgical-grade  fluor- 
spar are  also  consumed  by  other  steel  manufacturers  in 
California  who  usually  obtain  their  material  from  dealers 
in  mineral  raw  materials.  Several  of  these  firms  are: 
L.  H.  Butcher  Company,  Los  Angeles,  California ;  Brum- 
ley-Donaldson,  San  Francisco,  California ;  and  Industrial 
Minerals  and  Chemical  Company,  Berkeley,  California. 
The  potential  producer  of  fluorspar  would  be  required 
to  meet  the  specifications  set  down  by  the  consumer ;  the 
same  as  those  discussed  above. 
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GEM  STONES 

By  Lauren  A.  Wright 


The  formal  mining  of  gem  stones  in  California  has 
.entered  about  the  famous  gem-bearing  pegmatites  in  the 
1  'eninsular  Ranges  of  San  Diego  and  Riverside  Counties. 
These  deposits  have  yielded  tourmaline,  spodumene, 
lieryl,  topaz,  quartz,  and  garnet,  and  have  constituted 
one  of  the  few  notable  soiirces  of  gem  stones  in  the 
Tnited  States.  At  other  localities  in  California,  benito- 
ite,  chrysoprase,  idocrase,  jade,  opal,  and  turquoise  also 
have  been  mined  in  formal  operations.  Although  the 
San  Diego  and  Riverside  County  pegmatites  alone  have 
yielded  gem  and  specimen  material  with  a  total  value  of 
at  least  $2,000,000,  the  gem  mining  industry  of  Cali- 
lornia  is  small  compared  with  other  mineral  industries 
(if  the  state. 

Gem  mining  in  California  was  most  active  during  the 
period  1890  to  1912;  from  1880  to  1924  the  state  yielded 
about  23  percent  of  the  gem  material  mined  in  the 
Tnited  States  (Ball,  1937,  p.  306).  Although  most  of  the 
mines  have  been  idle  in  recent  years,  interest  in  the  re- 
covery of  gem  stones  in  California  has  increased 
markedly.  This  activity,  however,  is  now  undertaken 
mostly  by  thousands  of  hobbyists  and  week-end  pros- 
pectors who  have  collected  at  many  localities  in  the 
state.  Statistics  on  the  material  thus  obtained  in  Cali- 
fornia do  not  exist,  but  in  1953  its  value  constituted  a 
significant  proportion  of  the  estimated  value  of  $500,- 
000  to  $600,000  placed  on  the  total  gem  stone  production 
in  the  United  States  during  that  year  (Thomson,  et  al., 
1955). 

MINERALOGY  AND  GEOLOGIC  OCCURRENCE 

The  term  "gem  stone"  in  its  broadest  sense  is  appli- 
cable to  almost  any  mineral,  rock,  organic  material,  or 
synthetic  material  that  can  be  used  in  the  preparation  of 
objects  for  personal  adornment  or  for  other  ornamental 
purposes.  In  a  more  restricted  sense,  the  term  is  applied 
to  natural  materials  of  unusual  beauty  that  are  both 
durable  and  rare.  These  commonly  are  grouped  in  three 
general  categories — precious  stones,  semi-precious  stones, 
and  organic  gem  materials.  The  organic  gem  materials 
are  pearl,  coral,  amber,  and  jet.  Many  gemologists,  how- 
ever, believe  that  the  distinction  between  precious  stones 
and  semi-precious  stone  is  too  arbitrary  to  be  valid,  and 
point  out  that  certain  specimens  of  so-called  semi-pre- 
cious stones  are  more  valued  and  hence  more  precious 
than  some  specimens  of  so-called  precious  stones. 

Only  certain  varieties  of  three  minerals — diamond, 
corundum  (varieties  ruby  and  sapphire)  and  beryl  (vari- 
ety emerald) — are  customarily  designated  as  precious 
stones,  but  some  workers  also  include  pearl  and  jade. 
The  semi-precious  stones  are  much  more  numerous,  and, 
in  general  are  relatively  rare  varieties  of  rather  common 
mineral  species.  They  consist  mostly  of  gem  varieties  of 
(1)  silicates,  including  andalusite,  benitoite,  beryl,  ido- 
crase, chrysocoUa,  diopside,  enstatite,  epidote,  feldspar, 
garnet,  jadeite,  lazurite,  olivine,  phenacite,  rhodonite, 
sphene,  spodumene,  topaz,  tourmaline,  tremolite,  and  zir- 
con; as  well  as  varieties  of  quartz,  such  as  agate,  ame- 
thyst, chalcedony,  chrysoprase,  citrine,  jasper,  onyx,  rock 
crystal,  rose  quartz,  and  tiger's  eye;  and  (2)  oxides,  in- 


cluding anatase,  cassiterite,  hematite,  opal,  spinel  and 
rutile.  Semi-precious  gem  stones  also  include  phosphates 
(apatite,  lazulite,  and  turquoise),  carbonates  (azurite, 
calcite,  malachite,  and  smithsonite)  sulfate  (gypsum), 
fluoride  (fluorite),  and  sulfides  (pyrite  and  sphalerite). 

Diamond,  corundum,  and  beryl  have  hardnesses  of  7.5 
(Mohs'  scale)  or  greater,  and  hardnesses  of  5  or  more 
characterize  most  of  the  semi-precious  stones.  Some  of 
the  semi-precious  group  such  as  calcite,  gypsum,  and 
fluorite  are  much  softer  and  their  appeal  stems  from  the 
pleasing  appearance  of  certain  varieties  rather  than  dur- 
ability. Most  gem-quality  materials  are  transparent  or 
nearly  so;  but  a  few,  including,  azurite,  chrysocolla, 
feldspar,  jadeite,  malachite,  turquoise  and  the  jasper 
variety  of  chalcedony,  are  translucent  to  opaque. 

Some  of  the  most  valued  gem  stones  occur  as  primary 
constituents  of  igneous  rocks  or  in  alluvial  deposits  de- 
rived from  such  rocks.  The  only  known  primary  occur- 
rences of  diamond  exist  as  disseminations  in  pipe-like 
bodies  of  an  ultrabasic  rock  known  as  kimberlite.  The 
most  extensively  mined  of  these  deposits  are  in  South 
Africa.  Pegmatite  dikes  yield  varieties  of  transparent 
beryl  as  well  as  gem-quality  tourmaline,  quartz,  garnet, 
and  spodumene.  The  world's  best-known  and  most  pro- 
ductive gem-bearing  pegmatite  areas  are  in  Minas  Geraes, 
Brazil. 

Some  gem  stones  occur  in  veins  and  as  fillings  of  ir- 
regular cavities.  Of  these,  opal,  varieties  of  cryptocrystal- 
line  quartz,  and  turquoise  are  especially  widespread  and 
are  mined  in  greatest  volume.  The  last  is  believed  to 
have  been  deposited  largely  or  wholly  from  solutions  of 
cold,  descending  water;  the  opal  and  quartz  have  been 
deposited  mainly  by  ascending  hot  waters.  In  many 
places  these  minerals  occur  in  volcanic  rocks  and  prob- 
ably are  genetically  related  to  them.  Jadeite  is  a  vein- 
forming  mineral  whose  origin  has  been  disputed  but 
which  commonl}^  lies  within  or  near  bodies  of  ultrabasic 
intrusive  rocks.  The  famous  jade  deposits  of  upper 
Burma  are  of  this  type. 

Disseminated  in  metamorphic  rocks  are  gem  varieties 
of  corundum  (sapphire  and  ruby),  garnet,  and  andalu- 
site. Contact  metamorphism  has  produced  irregular 
masses  of  nephrite  jade  and  lazurite  which  ordinarily 
can  be  shown  to  have  replaced  carbonate-rich  rocks. 

Because  most  gem  stones  are  hard,  durable,  chemically 
inert,  and  have  higher  specific  gravities  than  the  common 
rock-forming  silicate  minerals,  they  resist  weathering  and 
become  concentrated  in  residual  soils  and  in  stream  and 
beach  placers.  Thus  in  many  areas  gem  stones  can  be 
economically  recovered  from  alluvial  deposits  where  their 
bedrock  occurrences  either  cannot  be  worked  at  a  profit, 
or  are  worked  at  much  greater  expense.  A  very  large 
proportion  of  the  world 's  output  of  gem  stones  is  derived 
from  such  deposits.  Most  of  the  ruby,  sapphire  and  jade 
produced  in  the  world  are  obtained  from  alluvial  de- 
posits in  various  parts  of  Asia,  and  much  of  the  diamond 
production  is  recovered  from  alluvial  deposits  in  South 
Africa. 
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Pre-botholilh    metomorphic 
ond  igneous  rocks,  undivided 


Outline  of  Polo  pegmotite  district  as  covered  by 
ColiforniQ  Division  of  Mines  Speciol  Report  7A 
by    R.H.Johns   ond    L.A.Wright 

Outline  of  Rincon  pegmotite  district  os  covered 
by  Colifornio  Division  of  Mines  Special  Report 
7  B   by   J.  8.  Honley 

Outline    of   Meso   Gronde   pegmotite  district  os 
covered   by   report    in   preporotion   by    RH.  Johns 
ond    J.  B.  Honley 


List  of  principol  operotions 

I  Nuevo  (  Potterson  Ronch  )  silico  quorry 

2  Riverside   Cement  Co.  feidspor  quarry 

3  Lo   Borde   feidspor  quarry 
A.  Tully   feldspar    quorry 

5-    Mochodo  feidspor  quorry 

b.    Blom   (  Perns   Mining   Co.)   feidspor  mine 

7  Murrieto  (  Americon  Encoustic  Tiling   Co.) 
stiico  ond  feidspor  mine 

8  Anita   gem   mine 
9.    Fano    gem   mine 

10    Thomos   Mountoin   gem  mine 

11.  Williomson   (  Coohutio  Srove )   feidspor  quorr 

12.  Williomson    (  Coohuila   Brave  )    silica    quarry 


Geology  generolized  from 
compilotion   by    R.H.Johns, 
1954,  plote  3,  ch.  n,  Colif 
Div.   Mines  Bull.   170 


13.   Mountoin   Lily   gem  mine 

14  Stewort    lithium    mine 

15  Tourmaline    King   gem  mine 

16.  Tourmoline   Oueen   gem  mine 

17.  Polo   Chief  gem  mine 

18.  Son    Pedro   gem   mine 

19.  Vonderburg  gem  mine 
20-  Katerino   gem  mine 

21.  Visto   Chief  gem  mine 

22.  Hogermon  gem  mine 

23.  Mock  gem   mine 

24.  Victor  gem  mine 

25.  Rose  Quortz   gem   mine 

26.  Esmeroldo    gem  mine 
27    Himoloyo   gem   mine 
28.  Son   Diego   gem   mine 

29  Meso   Gronde    gem  mine 

30  ABC   gem   mine 
31.  Little  3  gem  mine 

32    Banner  Conyon  gem  mine 

33.  Elder    (  Stote  Leose)  feidspor  mine 

34.  Coyote   Mountoins   feidspor   mine 

35.  Pacific  feidspor  mine 

36.  Sweetmon  feldspar  mine 
37  Mico  Gem  feidspor  mine 
36.  Elliott  feidspor  mine 


Figure  1.     Generalized  geologic  map  of  the  Peninsular  Ranges  province  of  southern  California  showing  location 
of  the  principal  gem-stone,  feldspar,  and  silica  mines  in  pegmatite  bodies. 
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1.  INDIAN     CREEK     IDOCRASE     DEPOSIT 

2.  LEACH    LAKE    MOUNTAIN    JADE    DEPOSIT 

3.  CHEROKEE     FLAT    DIAMOND  •  BEARING     PLACER     DEPOSITS 

4.  SMITH     FLAT    DIAMOND  ■  BEARING      PLACER     DEPOSITS 

5.  JACKASS     GULCH      DIAMOND  -  BEARING     PLACER    DEPOSITS 

6.  CALAVERAS     AND    ROUGH     DIAMOND    QUARTZ     CRYSTAL     DEPOSITS 

7.  MASSA     HILL    JADE     DEPOSIT 

8.  CLEAR    CREEK     JADE    DEPOSIT 

9.  DALLAS     MINING     CO-    BENITOITE      DEPOSIT 

10.  VISALIA  -  PORTERVILLE     CHRYSOPRASE     DEPOSITS 

I  I.  CAPE     SAN     MARTIN      JADE     DEPOSITS 

2.  YUCCA      GROVE     TURQUOISE      DEPOSITS 


/ 


MEXICO 

FlOTjEE  2.     Index  map  of  California  showing  locations  of  well-known  gem-stone  deposits  that  lie  outside  of  the  area  of  figure  1. 
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LOCALITIES   IN   CALIFORNIA 


Although  gem  mining  in  California  has  been  sporadic 
and  pursued  on  a  small  scale,  hundreds  of  localities  in 
the  state  have  yielded  minerals  or  rocks  that  fall  under 
the  broad  classification  of  semi-precious  gem  stones,  and 
even  diamonds  and  near-emerald  beryl  have  been  found. 
In  general,  the  best-known  deposits  are  the  ones  whose 
development  and  operation  have  constituted  serious  min- 
ing ventures.  Of  these  the  tourmaline-  and  spodumene- 
bearing  pegmatites  of  San  Diego  and  Riverside  Counties 
are  by  far  the  most  numerous.  Gem  mining  elsewhere 
in  California  has  led  to  the  recovery  of  turquoise  and 
opal  in  San  Bernardino  County,  benitoite  from  San 
Benito  County,  chrvsoprase  from  Tulare  County,  ido- 
crase  from  Siskiyou  County,  nephrite  jade  from  Tulare 
County,  and  amethyst  quartz  from  Ijake  County. 

In  California,  gem  stones  also  have  been  obtained  from 
formal  mining  operations  aimed  primarily  at  the  recov- 
ery of  mineral  substances  for  non-ornamental  uses.  Gath- 
ered in  this  manner  have  been  gold-bearing  quartz  from 
gold  lode  mines,  diamonds  from  gold  placers,  rhodonite 
from  manganese  mines,  myrickite  (cinnabar  mtergrown 
with  chalcedony)  from  mercury  mines,  and  howlite  from 
borate  deposits. 

Whereas,  in  California,  gem  mining  for  profat  has 
declined  in  recent  years,  gem  hunting  for  pleasure  has 
become  a  highly  popular  and  well-organized  activity.  In 
1956,  the  California  Federation  of  Mineralogieal  Socie- 
ties consisted  of  107  member  organizations  with  a  com- 
bined membership  of  about  7,000  persons,  most  of  whom 
regularly  participated  in  collecting  excursions.  Most  of 
the  better-known  collecting  localities  in  California  have 
been  described  in  Gems  and  Minerals,  the  monthly  offi- 
cial magazine  of  the  Federation.  To  prevent  the  spoilage 
of  some  of  the  best  and  most  frequented  localities,  the 
Federation  has  encouraged  its  member  organizations  to 
locate  and  legally  to  hold  claims  at  these  sites  and  to 
permit  access  to  persons  who  wish  to  collect  in  modera- 
tion. Claims  established  and  worked  in  this  way  are  actu- 
ally mines,  in  spite  of  their  unrecorded  production  and 
unsystematic  development  by  "volunteer"  miners. 

Gem- Bearing  Pegmatites  of  San  Diego  and  Riverside  Counties* 
Distribution  and  General  Features.  The  most  pro- 
ductive and  most  extensively  developed  of  the  gem-bear- 
ing pegmatites  in  California  are  exposed  in  a  25-mile 
belt  that  lies  within  San  Diego  County  and  embraces 
three  pegmatite  districts — one  at  Pala  at  the  northwest- 
ern end  of  the  belt,  another  at  Rincon  near  the  center, 
and  a  third  at  Mesa  Grande  at  the  southeastern  end. 
Gem  material  also  has  been  recovered  from  widely  scat- 
tered pegmatites  at  Coahuila  Mountain,  Red  Mountain 
and  Thomas  Mountain  in  western  Riverside  County,  and 
in  the  Aguanga  Mountain,  Ramona,  and  Julian  districts 
ill  San  Diego  County. 

Of  the  gem-quality  minerals  in  these  deposits,  tourma- 
line has  been  mined  in  by  far  the  greatest  quantity,  and 
gem  spodumene  has  proved  abundant  in  certain  of  the 
lithium-rich  pegmatites.  The  mining,  which  was  aimed 
chiefly  at  the  recovery  of  these  two  minerals  and  the 
non-gem  mineral  lepidolite  (see  section  on  lithium  and 

•  The  data  in  this  discussion  ha«!bee"  obtained  mostly  from  the 
following  references:  Jahns,  1948  ;  Jahns  and  Wright,  1951  .and 
Hanley    1951  ;  and  from  R.  H.  Jahns  in  personal  communication. 


lithium  compounds  in  this  volume),  also  led  to  the  recov- 
ery of  gem  varieties  of  quartz,  beryl,  topaz,  and  garnet. 

All  of  the  gem-bearing  pegmatites  of  San  Diego  and 
Riverside  Counties  lie  within  the  Peninsular  Ranges 
province,  a  region  underlain  mainly  by  plutonic  igneous 
rocks  of  the  Southern  California  batholith  and  by  piv- 
batholith  metamorphic  rocks.  The  pegmatite  bodies  were 
emplaeed  in  late  Mesozoic  time  during  the  end  stages  of 
the  consolidation  of  the  batholith.  Most  of  them  are 
within  the  dark-colored,  more  basic  rocks  of  the  batho- 
lith, especially  in  a  unit  known  as  the  San  Marcos 
gabbro. 

Virtually  all  of  the  pegmatite  bodies  of  the  Peninsular 
Ranges  province  are  elongate  dikes.  Although  a  given 
dike  is  generally  rather  uniform  in  thickness,  some  dikes 
are  only  a  fraction  of  an  inch  thick,  whereas  parts  of 
others  are  100  or  more  feet  thick.  The  thicknesses  of 
those  that  contain  most  of  the  pegmatite,  however,  lie 
within  the  general  range  of  4  to  25  feet.  Many  of  the 
dikes  are  1,000  to  4,000  feet  long.  In  some  areas  the  dikes 
occur  in  swarms  that  have  filled  numerous  closely  spaced 
parallel  to  sub-parallel  fractures. 

The  percentage  of  gem  material  in  a  given  dike  bears 
no  obvious  relationship  to  the  average  thickness  of  the 
dike.  Indeed  the  dike  at  the  very  productive  Himalaya 
mine  at  Mesa  Grande  averages  only  about  4  feet  in  thick- 
ness, whereas  much  larger  dikes  have  yielded  no  gem 
material.  Virtually  all  of  the  gem  spodumene  and  signifi- 
cant amounts  of  other  gem  minerals,  however,  have  been 
found  within  bulges  in  the  dikes. 

The  dikes  are  granitic  in  composition.  Large  numbers 
of  them  consist  wholly  of  graphic  granite,  but  others 
are  complex  bodies  of  two  or  more  rock  units  of  con- 
trasting texture  or  mineralogy  or  both.  The  gem  and 
lithium  minerals  have  been  found  in  only  a  small  pro- 
portion of  the  complex  dikes  and  in  none  of  the  simple 
dikes. 

Graphic  granite  forms  most  of  the  upper  part  of  the 
typical  complex  dike,  whereas  its  lower  part  contains 
a  fine-grained  quartz-feldspar  (aplitic)  rock.  Much  of 
this  fine-grained  rock  shows  a  distinct  banding,  caused 
by  thin  layers  rich  in  minute  grains  of  garnet  or  tour- 
maline, and  is  commonly  known  as  ' '  line  rock. ' ' 

Discoidal  to  pod-like  masses  of  very  coarse-grained 
pegmatite  occupy  the  cores  of  many  of  the  dikes  and 
form  the  central  parts  of  most  of  the  bulges.  Some  of 
these  masses  consist  of  quartz-perthite  or  quartz-spodu- 
mene  aggregates ;  others  contain  only  quartz  or  perthite. 
In  several  of  the  complex  dikes  this  coarse-grained  peg- 
matite has  been  worked  for  feldspar  or  quartz  (see  sec- 
tions on  feldspar  and  quartzite  and  quartz  in  this  vol- 
ume). Irregularly  distributed  fracture-fillings  and  re- 
placement bodies,  composed  chiefly  of  quartz,  albite,  and 
muscovite,  are  widespread  in  the  complex  dikes. 

All  of -the  gem-quality  tourmaline,  beryl,  topaz,  and 
garnet  is  contained  in  a  type  of  pegmatite  that  is  char- 
acterized by  an  abundance  of  well-formed  crystals  and 
lies  within  or  near  the  cores  of  the  dikes.  It  ranges 
from  fine-grained  to  very  coarse-grained  and  consists 
mostly  of  quartz,  albite,  orthoclase,  and  muscovite.  It 
also  contains  concentrations  of  minerals  rich  in  lithium, 
beryllium,  boron,  caesium,  and  other  rare  elements.  This 
material  is  popularly  known  as  "pocket  pegmatite"  be- 
cause the  crj'stals  commonly  are  in  pockets  filled  with 
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Figure  3.     Idealized   cross-section   through   a   typical    spodiimene- 
bearins  pegmatite  in  southern  California.  Ajter  R.  11.  .liihnn.  JUJ/S. 

red  clay,  but  it  rarely  contains  open  space  and  much  of 
it  is  clay  free. 

The  gpm  tourmaline  crj'stals  are  transparent  prisms 
of  the  blue,  pink,  green,  and  colorless  varieties.  Nearly 
all  gradations  exist  between  these  colors,  and  individual 
prisms  commonly  are  bicolored  or  multicolored  in  con- 
centric zones  or  in  layers  normal  to  their  long  axes. 
Most  of  the  gem  tourmaline  occurs  in  prisms  that  are 
pencil-like  in  size  and  shape,  but  individuals  as  much 
as  4  feet  long  and  6  inches  in  diameter  have  been  mined. 
Tourmaline  is  the  most  abundant  and  widespread  gem 
mineral  in  the  pegmatites  of  southern  California,  but  a 
single  source — the  Himalaya  mine  in  the  Mesa  Grande 
district — has  yielded  considerably  more  tourmaline  than 
all  of  the  other  mines  combined. 

Spodumene,  although  locally  abundant  in  the  pocket 
pegmatite,  is  of  gem  quality  only  in  the  very  coarse- 
grained, quartz-spodumene  pegmatite.  Here  it  occurs 
as  unaltered  residua  in  the  central  parts  of  some  of  the 
spodumene  laths.  The  rest  of  the  spodumene  has  been 
altered  to  a  milkj'  material  composed  partly  or  wholly 
of  clay.  In  the  pegmatites  of  the  Southern  California 
batholith,  the  gem  spodumene  is  mostly  of  the  pale-pink 
to  deep  bluish-lilac  variety  known  as  kunzite.  A  yellow- 
ish to  colorless  variety  of  spodumene  is  somewhat  less 
abundant  in  these  pegmatites  and  a  pale-green  variety 
is  rare.  The  transparent  spodumene  ordinarily  occurs 
in  splintery,  striated  fragments  less  than  2  inches  long, 
but  locally  these  residual  masses  are  as  much  as  4  inches 
wide  and  15  inches  long.  Most  of  the  gem  spodumene 
mined  in  California  has  been  removed  from  the  Pala 
Chief,  Katerina,  and  Vanderburg  mines  in  the  Pala  dis- 
trict. 

The  most  highly  prized  of  the  beryl  gems  in  southern 
California  pegmatites  is  a  pale  rose  to  peach-colored 
variety  known  as  morganite.  It  is  associated,  in  pocket 
pegmatite,  with  a  nearly  colorless  to  blue  beryl.  Both 
varieties  occur  in  well-faced,  equant  to  tabular  crystals 
as  much  as  6  inches  in  maximum  dimension.  The  gem 
beryl  output  has  been  obtained  mostly  from  the  Pala 
Chief,  Anita,  El  Molino,  and  San  Pedro  mines  in  the 
Pala  district,  the  Victor  and  Mack  deposits  in  the  Rincon 
district,  and  the  Himalaya,  San  Diego,  and  Esmeralda 
mines  in  the  Mesa  Grande  district. 


FlorRE  4.  Part  of  underRround  workings  at  Pala  Chief  mine. 
This  cavity  yielded  an  exceptionally  large  concentration  of  gem 
spodumene.  Photo  hi/  R.  //.  Jahtix. 

Transparent  quartz,  although  less  prized  than  the  gem 
minerals  noted  above  is  abundant  in  many  dikes  and  has 
been  used  in  the  fashioning  of  cut  stones.  Colorless  to 
smoky  quartz  euhedra  are  abundant  in  pocket  pegmatite, 
and  anhedral  masses  of  rose  quartz  occur  in  a  few  of  the 
dikes.  Most  of  the  pocket  quartz  crystals  are  smaller 
than  the  milky  anhedral  crystals  that  are  abundant  in 
the  cores  of  the  dikes,  but  locally  they  are  as  much  as  2 
or  3  feet  long. 

Gem  topaz  and  gem  garnet,  also  constituents  of  pocket 
pegmatite,  are  rarer  than  the  gem  stones  noted  above. 
The  topaz  ranges  from  colorless  through  pale  green  to 
aquamarine,  and  occurs  in  well-developed  prisms  as  much 
as  4  inches  long.  The  colored  topaz  is  rare  and  most  of 
the  crystals  are  less  than  an  inch  long.  Gem  topaz  has 
been  recovered  most  abundantly  from  the  Mountain  Lily 
time  at  Aguanga  Mountain  and  from  the  Little  Three 
and  A. B.C.  mines  near  Ramona.  The  gem  garnet,  mostly 
spessartite,  ranges  in  color  from  golden  yellow  to  cinna- 
mon brown,  and  occurs  as  dodecahedrons  about  an  eighth 
of  an  inch  to  three-quarters  of  an  inch  in  diameter.  The 
Little  Three  and  A. B.C.  mines  have  been  the  principal 
sources  of  gem  garnet. 

Mine  Workings.  Approximately  90  percent  of  an 
estimated  200,000  to  300,000  pounds  of  gem  and  near- 
gem  material  recovered  from  the  pegmatites  of  southern 
California  has  been  obtained  from  only  five  mines — the 
Himalaya  and  San  Diego  in  the  Mesa  Grande  district 
and  the  Pala  Chief,  Tourmaline  Queen,  and  Katerina  in 
the  Pala  district  (fig.  1).  All  but  a  very  small  part  of  the 
remainder  has  been  removed  from  ten  other  mines — the 
San  Pedro,  Tourmaline  King,  and  Vanderburg  in  the  Pala 
district ;  the  Esmeralda  and  Mesa  Grande  in  the  Mesa 
Grande  district ;  the  A.B.C.  and  Little  Three  mines  near 
Ramona ;  the  Mountain  Lily  at  Aguanga  Mountain ;  and 
the  Anita  near  Red  Mountain  and  the  Fano  at  Coahuila 
Mountain  (fig.  1).  About  35  small  and  widely  scattered, 
additional  mines  also  have  yielded  gem  material,  and 
two  to  three  times  as  many  deposits  have  been  seriously 
prospected. 
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The  development  of  most  of  the  mines  began  with  the 
discovery  of  gem  crystals  in  pegmatite  outcrops  or  in 
the  float  downslope  from  them.  Some  workings  were 
started  only  on  bulges  in  dikes  whose  exposures  were 
barren  of  gem  material  or  nearly  so.  In  their  early  stages 
most  of  the  mines .  consisted  of  open  cuts  from  which 
shallow  underground  workings  were  developed  as  the 
mining  advanced.  In  all  but  a  few  of  the  mines  the  gem 
production  was  obtained  from  only  a  single  pocket.  In 
each  of  the  five  most  productive  mines,  however,  numer- 
ous pockets  were  encountered. 

The  mine  workings  are  typically  very  irregular  and 
most  of  them  range  from  a  few  feet  to  several  hundred 
feet  in  total  length.  They  were  driven  through  the  peg- 
matite rock  that  was  believed  to  hold  the  most  promise 
for  gem  production,  principally  along  the  upper  margin 
of  the  ' '  line  rock  "  or  in  the  lower  or  central  parts  of  the 
cores  of  coarse-grained  pegmatite.  The  Himalaya  and 
Tourmaline  King  mine  workings,  each  of  which  extend 
down-dip  for  nearly  200  feet,  probably  are  the  deepest 
penetrations. 

The  drilling  has  been  done  mostly  by  hand,  and,  in 
general,  care  has  been  taken  in  blasting  so  that  as  little 
as  possible  of  the  gem  material  is  fractured.  Some  of  the 
workings  remain  wholly  accessible,  but  entry  to  others 
has  been  made  diiBcult  or  impossible  by  caving  and  back- 
filling. 

History  of  Mining  Operations.  That  the  gem  stones 
of  San  Diego  and  Riverside  Counties  were  gathered  and 
prized  by  Indians  long  before  they  were  discovered  by 
white  men  is  shown  by  the  existence  of  tourmaline  crys- 
tals in  ancient  burials.  The  first  recorded  discovery,  how- 
ever, was  made  by  Henry  Hamilton  in  1872  when  he 
noted  tourmaline  fragments  on  the  slopes  of  Thomas 
Mountain  in  Riverside  County  and  traced  them  up-slope 
to  a  pegmatite  dike  that  was  later  developed  by  the 
Thomas  Mountain  mine.  Subsequently,  other  minor  oc- 
currences of  gem  stones  were  noted  in  this  area. 

The  next  significant  tourmaline  discovery  became 
known  in  1892.  This  was  at  a  locality  near  Pala  and  now 
occupied  by  the  Stewart  mine.  Other  discoveries  of 
tourmaline  in  the  Pala  district  soon  followed,  but  were 
overshadowed  in  1898  when  the  very  rich  tourmaline 
deposits  at  Mesa  Grande  were  first  mined. 

In  1902,  Fred  M.  Sickler,  while  working  the  Katerina 
mine  near  Pala,  encountered  gem  spodumene,  a  very 
rare  material  whose  occurrence  here  attracted  the  atten- 
tion of  mineralogists  the  world  over.  Most  of  the  gem 
spodumene  recovered  at  Pala  proved  to  be  colored  vari- 
ous shades  of  pink  and  lilac,  and  soon  after  its  discovery, 
was  named  "kunzite"  (Kunz,  1903;  and  Baskerville, 
1903)  a  new  gem  variety  that  became  popularly  known 
as  "California's  own  gem".  Kunzite,  however,  has  since 
been  recovered  commercially  in  both  Brazil  and  Mada- 
gascar. 

Intensive  mining  in  the  Mesa  Grande  area  was  con- 
fined mostly  to  the  period  1900-10,  and  in  the  Pala  area 
mostly  to  the  period  1903-14.  As  many  as  70  mines  and 
prospects  were  being  worked  at  one  time  and  at  least  95 
percent  of  the  gem  output  of  San  Diego  and  Riverside 
Counties  was  obtained  in  the  1900-14  interval.  By  a 
coincidence  fortunate  to  the  mine  operators,  the  dis- 
covery and  development  of  these  deposits  came  at  a  time 


of  high  tourmaline  prices  which  were  brought  about 
largely  by  the  popularity  of  this  gem  in  China.  The  fall 
of  the  Chinese  dynasty  in  1912,  however,  caused  this 
market  to  dwindle  to  insignificance  and  the  resulting 
drop  in  price  contributed  to  the  virtual  discontinuance 
of  profitable  gem  mining  in  this  region.  Moreover,  by 
1914  most  of  the  readily  detected  and  easily  worked  gem 
occurrences  had  been  well  exploited,  and  the  discovery 
of  additional  gem-bearing  pegmatites  at  most  mines  had 
become,  in  the  opinion  of  the  operators,  prohibitively  ex- 
pensive. Nevertheless,  the  recovery  of  gem  stones  from 
the  pegmatites  of  the  Peninsula  Ranges  province  has 
continued  from  1914  to  the  present,  albeit  irregularly 
and  on  a  considerably  smaller  scale  than  before.  Much  of 
this  later  mining  has  been  the  work  of  persons  as  much 
or  perhaps  more  attracted  by  the  romance  of  gem  min- 
ing than  by  possible  monetary  gain. 

Operations  at  the  Tourmaline  King  mine  near  Pala 
continued  into  the  1920 's,  and  in  this  later  development 
the  pegmatite  dike  was  thoroughly  explored  by  1,000 
feet  or  more  of  underground  workings ;  but  only  a  very 
small  amount  of  tourmaline  was  added  to  its  previous 
production.  A  small  output  of  byproduct  tourmaline 
and  beryl  was  obtained  in  the  removal  of  lepidolite 
from  the  Stewart  mine  which  was  last  worked  in  1928. 
The  Himalaya  mine  has  been  reopened  on  several  oc- 
casions since  it  was  shut- down  in  1914,  but  with  gen- 
erally poor  rewards.  The  most  productive  of  these  later 
Himalaya  operations  began  in  1952  and  was  continuing 
in  1956.  Since  1930,  sporadic  development  in  excess  of 
assessment  work  also  has  been  undertaken  at  the  Kater- 
ina, Vanderburg,  San  Pedro,  Pargo,  and  "White  Queen 
mines  near  Pala,  and  at  the  Rose  Quartz,  Esmeralda, 
and  San  Diego  mines  at  Mesa  Grande. 

The  production  records  of  most  of  the  mines,  unfor- 
tunately, are  incomplete  and  are  inconsistent  with  re- 
spect to  the  values  placed  by  the  operators  on  the  various 
types  and  grades  of  gem  stones.  Moreover,  a  large  but 
undetermined  proportion  of  the  total  output  has  been 
removed  surreptitiously  by  miners,  both  during  and 
after  regular  working  hours  and  from  both  active  and 
otherwise  inactive  mines.  Another  but  much  smaller  frac- 
tion of  the  total  gem  output  has  been  removed  by  ama- 
teur mineral  collectors  whose  search  has  been  confined 
almost  wholly  to  mine  dumps. 

The  output  of  the  Mesa  Grande  district,  which  has 
been  by  far  the  most  productive  of  the  gem-bearing  areas 
of  California,  has  been  estimated  at  "nearly  a  quarter 
of  a  million  pounds  of  tourmaline  valued  nearly  $800,- 
000,  and  a  much  smaller  output  of  quartz,  beryl,  and 
other  gem  minerals  .  .  .  valued  at  about  $14,000"  (Jahns 
and  Hanley,  1955).  The  Himalaya  mine,  with  an  output 
that  probably  totals  150,000  to  200,000  pounds  of  gem 
tourmaline  and  several  hundred  pounds  of  gem  beryl, 
has  been  by  all  odds  the  most  productive  gem  mine  in 
California,  and  still  is  unsurpassed  in  the  world  as  a 
source  of  gem  tourmaline. 

Available  records  indicate  that  the  Pala  district  has 
yielded  2,980  pounds  of  gem  tourmaline  valued  at  $154,- 
500 ;  1,325  pounds  of  gem  spodumene  valued  at  $152,- 
900;  and  460  pounds  of  other  gem  minerals,  largely 
quartz  and  beryl  of  non-gem  quality,  valued  at  $11,800. 
These  figures  are  incomplete  and  the  actual  output,  par- 
ticularly of  tourmaline,  quartz,  and  beryl,  may  have  been 
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considerably  higher.  Most  of  the  gem  spodumene  output 
was  obtained  from  the  Pala  Chief  mine,  which  remains 
the  world's  chief  source  of  this  material. 

The  gem  production  of  the  Rincon  district  probably 
totals  less  than  $2,000  in  value,  represented  chiefly  by 
beryl,  whereas  pegmatites  outside  of  the  principal  belt 
have  contributed  gems  with  an  estimated  total  value  of 
several  tens  of  thousands  of  dollars. 

Other  Gem  Operations 

Benitoite.  Benitoite  (BaTiSisOg),  a  mineral  found 
imly  in  California,  is  noted  not  only  for  its  beauty,  but 
lor  its  unique  crystal  habit ;  it  is  the  only  representative 
iif  the  trigonal  class,  hexagonal  system.  It  was  discovered 
ill  1907  in  San  Benito  County  at  a  locality  on  the  west 
<'\de  of  the  Diablo  Range  and  25  airline  miles  north  of 
( 'oalinga.  Except  for  a  few  sedimentary  grains  obtained 
from  drill  holes  in  the  Lost  Hills  area  of  Kern  County, 
no  other  occurrences  of  benitoite  have  been  recorded. 

The  benitoite  in  the  Diablo  Range  occurs  with  the 
black  mineral  neptunite  ((Na,K)2(FeMn)  (Si,Ti)r,0i2) 
in  veins  of  massive  white  natrolite  (Na2Al2Si30io-2H20). 
The  veins  lie  in  body  of  highly  fractured  metamorphic 
lock,  composed  partly  of  mica  schist  and  partly  of  mas- 
sive metagabbro  ( ?),  which  occurs  as  a  large  inclusion  in 
serpentine  (Louderback  and  Blasdale,  1909,  pp.  331-380 ; 
Sterrett,  1911a,  pp.  742-748).  The  benitoite-bearing  nat- 
rolite has  been  removed  from  a  zone  about  230  feet  long, 
but  the  veins  proved  to  be  most  abundant  in  a  lenticular 
shoot,  25  feet  or  more  in  maximum  thickness.  The  veins 
range  in  thickness  from  a  small  fraction  of  an  inch  to 
about  2  inches.  The  benitoite,  which  is  most  abvindant  in 
the  thicker  veins,  occurs  in  well-formed,  transparent, 
colorless  to  sapphire  blue,  flattened  prisms  which  are 
mostly  one-eighth  to  half  an  inch  wide.  The  largest  are 
about  1^  inches  wide.  As  most  of  the  crystals  are  min- 
utely fractured,  the  output  was  sold  largely  as  specimen 
material. 

The  deposit  was  most  actively  worked  by  the  Dallas 
Mining  Company  during  the  period  1907-09.  It  has  been 
developed  by  a  large  open  cut  and  by  about  125  feet  of 
underground  workings  driven  mostly  during  the  original 
period  of  operation  (Averill,  1947). 

Chrysoprase.  Chrysoprase,  a  green  variety  of  chal- 
cedony, was  discovered  in  1878  at  Venice  Hill,  8  miles 
east  of  Visalia,  Tulare  County.  By  1898,  it  also  had  been 
discovered  at  other  localities  in  the  county,  including  one 
8  miles  southeast  of  Porterville,  and  two  near  Lindsay 
(Sterrett,  1911a,  pp.  751-756;  Kunz,  1912,  pp.  154-155). 

At  each  of  these  four  localities  chrysoprase  occurred 
in  narrow  veins  from  a  small  fraction  of  an  inch  to  2 
or  3  inches  thick.  The  veins  were  irregularly  distributed 
in  serpentine  and  were  associated  with  a  red  and  brown 
jasper.  The  chrysoprase  ranged  from  a  pale  green, 
opaque  and  generally  subcommercial  chalcedony  to  a 
beautifully  translucent  emerald  green  material  which 
commanded  the  highest  prices.  At  depths  of  about  20 
feet,  the  chrysoprase  was  found  to  grade  downward  into 
milky  white  chalcedony.  The  chrysoprase  and  the  related 
siliceous  rocks  are  believed  to  have  formed  during  the 
weathering  of  the  serpentine,  and  the  green  color  to 
have  been  derived  from  near-surface  concentrations  of 
nickel. 


At  one  time  or  another,  during  the  period  1878  to  1911, 
at  least  five  chrysoprase  mines  were  active  in  Tulare 
County;  but  all  of  them  eventually  were  shut  down, 
partly  because  chrysoprase  as  a  gem  stone  had  waned  in 
popularity,  and  partly  because  most  of  the  better,  easily 
recovered  material  had  been  removed.  The  mining  opera- 
tions consisted  mainly  of  open  cuts,  but  included  a  few 
shallow  underground  workings. 

Diamond.  An  estimated  400  to  500  diamond  speci- 
mens have  been  recovered  from  placer  deposits  through- 
out the  western  foothills  of  the  Sierra  Nevada  and  in 
Del  Norte,  Humboldt,  and  Trinity  Counties  (Murdoch 
and  Webb,  1948,  pp.  129-132).  All  were  chance  discov- 
eries made  largely  during  placer  gold  operations  prior 
to  1920.  The  most  productive  of  these  deposits  is  at 
Cherokee  Plat  in  Butte  County  and  has  yielded  at  least 
300  diamonds.  Other  noted  localities  are  at  Jackass  Gulch 
near  Volcano,  Amador  County;  and  at  Forest  Hill, 
Placer  County,  and  Smithflat,  in  El  Dorado  County. 

Some  of  the  diamonds  are  white  and  transparent,  but 
most  show  a  yellow  tinge.  Only  a  few  exceed  2  carats  in 
weight.  They  have  been  gathered  mostly  from  Recent 
placer  deposits,  but  at  Smithflat  they  were  recovered 
from  placers  in  Tertiary  channels  (Sehaller,  1916,  pp. 
848-849).  All  apparently  were  derived  from  bodies  of 
ultrabasic  rock  in  the  areas  tributary  to  the  placer  de- 
posits. Primary  occurrences  of  diamond  in  California 
remain  to  be  verified,  although  such  material  was  actively 
sought  by  a  mining  company  in  the  early  nineteen-hun- 
dreds.  The  most  extensively  prospected  area  lies  about  a 
mile  north  of  Oroville,  Butte  County.  Here  a  body  of 
rock,  which  was  believed  to  be  identical  with  the  dia- 
mond-bearing kimberlite  of  South  Africa,  was  developed 
by  numerous  pits  and  two  shafts  300  feet  and  60  feet 
deep.  No  production  was  recorded,  and  the  rock  proved 
to  be  eclogite  (Sterrett,  1911a,  pp.  759-761;  1911b,  pp. 
859-860;  Murdoch  and  Webb,  1948,  p.  132). 

Idocrase  (Vesuviunite).  Calif ornite,  a  massive,  com- 
pact variety  of  the  mineral  idocrase  (a  basic  calcium- 
aluminum  silicate)  has  been  found  at  several  localities  in 
northern  California.  The  best  known  and  most  productive 
deposits  lie  about  10  miles  north  of  Happy  Camp,  Siski- 
you County,  but  deposits  of  californite  also  have  been 
mined  or  seriously  developed  near  Pulga  in  Butte 
County,  near  Hawkins  schoolhouse  (Watts  Valley)  and 
near  Selma  in  Fresno  County,  and  at  two  localities  in 
Tulare  County,  one  near  Lindsay  and  the  other  near 
Exeter  (Kunz,  1905,  pp.  93-95;  Sterrett,  1911a,  pp.  749- 
751;  1911b,  855-858;  1912,  pp.  1043-1046). 

All  of  the  deposits  consist  of  veins,  lenses,  or  pods  in 
serpentine  and  contain  californite  that  is  characteris- 
tically highly  fractured  and  shows  a  marked  range  in 
color  from  dark  green  to  gray.  The  highest  quality  ma- 
terial is  bright  emerald  green  or  grass  green  and  trans- 
lucent to  transparent.  It  closely  resembles  jade  and  at 
first  was  mistaken  for  this  gem.  The  name  californite  was 
first  applied  by  Kunz  (1905,  p.  95)  to  such  material  ob- 
tained from  the  Happy  Camp  locality. 

Near  Happy  Camp,  the  californite  was  mined  from 
pods  and  lenses  along  a  300-foot  zone  in  serpentine  and 
from  float  derived  from  this  zone.  The  largest  individual 
body  was  about  10  feet  thick  and  the  float  fragments 
were  as  much  as  6  feet  in  maximum  dimension.  A  high 
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degree  of  fracturing,  however,  caused  much  of  the  ma- 
terial to  be  of  non-gem  quality.  This  deposit  was  dis- 
covered in  1900  and  was  worked  for  about  11  years. 
Mining  was  confined  mostly  to  open  pits;  underground 
exploratory  work  failed  to  encounter  enough  commercial 
material  to  permit  extensive  underground  operations. 

As  the  market  for  californite  diminished  and  the  un- 
flawed  material  became  more  difficult  to  recover,  formal 
mining  dwindled,  and,  since  1911,  californite  production 
has  been  almost  wholly  the  work  of  mineral  collectors. 


Figure  5.  Jade  blocks  being  sawed  at  quarry  of  Covelo  Jade 
Mines,  Inc.,  Leach  Lake  Mountain,  Mendocino  County.  Photo  hy 
C.  W.  Chesterman. 


Jade.  The  occurrence  in  California  of  both  types  of 
jade — jadeite  (a  distinct  mineral  species)  and  nephrite 
(a  compact,  fibrous  tremolite-actinolite) — was  known  as 
early  as  the  1930 's,  but  most  of  the  discoveries  of  jade 
in  place  have  been  made  subsequent  to  1946.  Nephrite 
was  first  discovered  in  California  in  the  form  of  pebbles 
distributed  along  the  beach  at  and  near  Cape  San  Martin 
in  southern  Monterey  County.  By  1947,  several  expo- 
sures of  nephrite-bearing  bedrock  had  been  noted  nearby 
(Crippen,  1951).  In  1949,  nephrite  also  was  discovered 
near  Porterville,  Tulare  County,  near  Petaluma,  Marin 
County  (Chesterman,  1951),  and  at  Leach  Lake  Moun- 
tain in  Mendocino  County.  In  the  mid-1930 's,  jadeite 
was  discovered  in  southwestern  San  Benito  County 
(Meilenz,  1936).  This  was  the  first  occurrence  of  this 
mineral  to  be  noted  in  the  western  hemisphere,  but  it 
has  since  also  been  found  at  localities  in  the  Coast 
Ranges  in  Mendocino,  Sonoma,  and  San  Luis  Obispo 
Counties  (Yoder  and  Chesterman,  1951,  p.  6). 

Both  jadeite  and  nephrite  occur  as  lenses,  pods,  and 
veins  within  or  near  bodies  of  serpentine.  The  largest  of 
the  known  nephrite  bodies  in  the  Cape  San  Martin  area 
is  a  pod  at  least  15  feet  long  (Crippen,  1951),  whereas 
the  jadeite  bodies  of  San  Benito  County  are  as  much  as 
200  feet  long  and  50  feet  wide.  Few  of  the  jade  deposits 
thus  far  discovered  in  California,  however,  exceed  a 
few  feet  in  maximum  dimension.  The  jade  ranges  in 
color  from  white  through  pale  green  to  dark  grayish 
green  or  dark  bluish  green  and  is  generally  semi-opaque. 
Only  a  small  proportion  of  the  material  recovered  to 
date  is  of  good  gem  quality,  and  none  shows  the  apple- 
green  color  and  near-transparency  of  the  better  Burmese 
jade. 


The  Cape  San  Martin  and  southwestern  San  Benito 
County  localities  each  have  yielded  several  tons  or  more 
of  jade,  but  most  of  this  output  has  been  obtained  from 
placer  deposits.  The  Leach  Lake  Mountain  jade,  which 
actually  is  a  nephrite- jadeite  mixture,  has  been  recovered 
from  both  placer  and  bedrock  deposits.  In  1956,  jade 
from  this  area  was  being  sawed  into  slabs,  exported  to 
Germany,  and  then  carved  into  art  objects  (C.  W.  Ches- 
terman, personal  communication,  1956).  The  jade  de- 
posits at  Petaluma  and  Porterville  are  in  bedrock  and 
also  have  been  worked  on  a  small  scale. 

Quartz  Crystal.  Gem-quality  quartz  crystals,  already 
noted  as  occurring  in  the  pegmatites  of  southern  Cali- 
fornia, have  been  gathered  at  many  other  pegmatite  and 
non-pegmatite  deposits  in  the  state.  Of  these  others, 
only  the  placer  deposits  at  Chili  Bar,  Calaveras  County, 
have  been  seriously  mined  for  gem  or  ornamental  mate- 
rial. Some  of  the  yield  from  the  two  mines  at  this 
locality  was  marketed  for  optical  or  piezoelectric  uses, 
and  the  deposits  are  discussed  in  the  section  on  quartz 
crystal  in  this  volume. 

Among  the  other  better-known  gem  quartz  crystal 
localities  in  California  are  the  Piddletown,  Oleta,  and 
Volcano  areas  in  Amador  County;  Cerro  Gordo  mine 
area  and  Deep  Springs  Valley,  Inyo  County ;  Clear  Lake 
Highlands,  and  Howard  Springs,  Lake  County;  the 
Hornitos  area,  Mariposa  County ;  and  the  California  Hot 
Springs,  Lemon  Cove,  and  Exeter  areas  in  Tulare 
County. 

Turquoise.  All  but  a  very  small  part  of  the  turquoise 
produced  in  California  has  been  obtained  from  two  areas, 
each  in  San  Bernardino  County.  By  far  the  more  pro- 
ductive were  deposits  in  a  9-mile  belt  that  extends  west- 
ward from  Yucca  Grove.  The  other  area  lies  2  miles  east 
of  "Cottonwood  Siding  on  the  Santa  Fe  Railroad" 
(Sterrett,  1911a,  p.  780). 

The  deposits  near  Yucca  Grove  are  grouped  about 
three  localities — one  at  each  end  of  the  belt  and  a  third 
in  the  middle.  The  turquoise  occurs  as  irregularly  dis- 
tributed smears,  veinlets,  and  nodules  in  alteration  zones 
within  granitic  rocks  and  associated  with  quartz  veinlets 
and  alunite  (Kunz,  1905,  pp.  107-110;  Sterrett,  1912,  pp. 
1011-1073;  "Wright,  et  al.,  1953,  pp.  165-166,  149-150). 
These  occurrences  were  mostly  a  fraction  of  an  inch 
thick,  but  some  were  as  much  as  1^  inches  thick.  The 
turquoise  ranged  in  color  from  pale  blue  to  greenish 
blue  and  much  of  it  yielded  excellent  gem  material. 

As  the  mineralization  was  widespread  and  apparently 
did  not  extend  to  depths  greater  than  100  feet,  the  de- 
posits were  developed  by  numerous  open  pits  and  shallow 
underground  workings.  They  previously  had  been  worked 
by  prehistoric  Indians  and  were  rediscovered  in  1897. 
Although  intensively  worked  for  several  years,  the  mines 
were  shut  down  in  1903  when  the  known  reserves  of  the 
higher  quality  material  were  depleted. 

The  deposit  near  Cottonwood  Siding  was  developed  by 
the  Cove  Turquoise  mine  which  was  active  at  some  time 
during  the  period  1903-09.  Here  the  turquoise  occurred 
as  seams  and  nodules  within  a  zone,  probably  no  more 
than  450  feet  long,  along  a  contact  between  metagray- 
wacke  and  metarhyolite  (Sterrett,  19na,  p.  780).  The 
turquoise,  which  ranged  from  pale  blue  to  moderately 
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dark  blue,  was  mined  by  means  of  small  pits  and  shallow 
underground  workings. 

Miscellaneous  Gem  Stones.  Deposits  of  agate,  jasper, 
and  petrified  wood  have  not  supported  continuing  and 
profitable  mining  operations  in  California,  but  these 
varieties  of  silica  are  more  abundant  and  widespread  in 
the  state  than  any  of  the  other  materials  commonly 
classed  as  gem  stones.  Consequently,  they  have  been 
gathered  in  the  greatest  volume  and  have  been  the  most 
actively  sought  by  amateur  mineralogists  and  lapidarists. 
Especially  fine  material  has  been  gathered  near  Coa- 
linga,  Fresno  County;  in  the  Castle  Butte-Boron,  Cache 
Creek,  Last  Chance  Canyon,  Red  Rock  Canyon,  and 
Rosamond  Hills  areas  of  Kern  County;  at  Stone  Canyon, 
Monterey  County ;  the  Chuekwalla  Mountain-Wiley  Well 
region,  of  Riverside  County;  in  the  Cady  Mountains, 
Calico  Mountains,  Eagle  Crags-Ijead  Pipe  Springs  re- 
gion. Opal  Mountains-Black  Mountain  area,  and  the  Owl 
Hole  Spring  area  in  San  Bernardino  County;  near 
Nipomo  in  San  Luis  Obispo  County;  and  near  Morgan 
Hill  in  Santa  Clara  County. 

Rhodonite  (MnSiOs)  of  gem  or  near-gem  quality  has 
been  obtained  near  Fiddletown,  Amador  County;  near 
Randsburg  and  in  the  Rosamond  Hills,  Kern  County ;  in 
the  Lancaster  area,  Los  Angeles  County;  near  Taylors- 
ville  and  in  Genessee  Valley,  Plumas  County;  and  near 
Jacumba,  San  Diego  County.  Opal  was  mined  briefly  in 
the  Opal  Mountain  area  northwest  of  Barstow  in  San 
Bernardino  County. 

Among  the  other  localities  in  California  from  which 
gem  or  ornamental  stones  have  been  obtained  are  Garnet 
HiU  (garnet  and  epidote)  in  Calaveras  County;  Lower 
Panamint  Valley  and  Furnace  Creek  Wash  (traver- 
tine), Inyo  County;  Chowchilla-Daulton  area  (ehiasto- 
lite),  Madera  County;  Warner  Range  (obsidian),  Modoc 
County;  White  Mountains  (andalusite  and  lazulite), 
Mono  County;  and  Cuyama  Valley  (alabaster),  Ventura 
County. 

UTILIZATION  AND  TREATMENT 

Although  by  definition  gem  stones  are  used  for  per- 
sonal adornment  or  other  ornamental  purposes,  much 
gem-quality  material  is  not  thus  employed.  Some  is 
retained,  uncut,  in  mineral  collections,  and  some  is  used 
for  industrial  purposes.  Agate,  for  example,  is  employed 
in  the  manufacture  of  mortars,  pestles,  and  spatulas; 
transparent,  unflawed,  and  untwinned  quartz  crystals 
are  made  into  piezoelectric  oscillator  plates,  and  various 
optical  devices ;  and  off-color  or  very  small  diamonds  are 
valued  for  their  abrasive  quality  (see  sections  on  quartz 
crystal  and  abrasives  in  this  volume).  Natural  gems  have 
been  employed  as  jewel  bearings  in  timepieces  and  scien- 
tific instruments,  and  garnets  mined  from  the  pegmatites 
near  Ramona,  California,  are  still  thus  used.  Most  jewel 
bearings  now  consist  of  synthetic  sapphires  and  rubies. 

The  cutting  of  precious  gems  is  largely  the  work  of 
skilled  professional  lapidaries  whereas  most  of  the  cut- 
ting of  semi-precious  stones  is  now  done  by  hobbyists.  A 
growing  number  of  amateur  lapidaries,  however,  are 
fashioning  gem  stones  whose  quality  is  comparable  with 
or  excels  that  of  the  average  commercial  worker. 

The  professional  faceting  of  quality  gem  stones  is  done 
mostly  outside  of  the  United  States,  especially  in  Ger- 
many and  Brazil.  Gem  fashioning  in  California  centers 


about  the  thousands  of  home  cutting  shops.  Although 
numerous  professional  lapidaries  are  employed  in  the 
state,  they  work  in  small  shops,  and  few  of  them  are  seri- 
ously occupied  with  quality  cutting.  Instead,  they  are 
involved  mainly  in  special  order  work  consisting  mostly 
of  fitting  and  trimming  of  stones  and  replacing  damaged 
stones. 

The  oldest  and  still  most-used  type  of  cut,  known  as 
the  caboehon,  is  prepared  simply  by  rounding  and 
polishing  the  specimen.  It  is  best  suited  to  opaque  or 
translucent  gem  stones  whose  appeal  lies  in  color,  sheen, 
opalescence  or  asterism.  The  facet  cut,  which  consists  of 
numerous  flat  surfaces,  is  best  for  transparent  gems. 
Facet  types  have  been  developed  mathematically  to  pro- 
vide a  maximum  brilliance  for  given  indices  of  refrac- 
tion and  degrees  of  dispersion.  In  order  to  obtain  the 
largest  possible  cut  stone  from  a  given  specimen,  lapi- 
daries commonly  (and  regrettably)  deviate  from  the 
optimum  orientation  of  facets,  and  thereby  lessen  the 
brilliance. 

An  inexpensive  tumbling  technique,  which  applies  a 
high  polish  to  irregularly  shaped  gem-stone  fragments, 
was  introduced  in  the  late  1940 's  and  has  since  become 
widely  used.  The  simplicity  of  the  technique  and  the 
popularity  of  jewelry  made  from  such  stones  has  caused 
a  marked  increase  in  the  output  of  polished  gem  stones 
in  California.  A  typical  tumbling  apparatus  consists  of  a 
motor-driven  rotating  barrel,  circular  or  hexagonal  in 
cross-section,  and  a  foot  or  two  in  diameter.  The  charges, 
whose  volume  is  about  one-third  that  of  the  barrel,  con- 
sist of  the  gem  stone  fragments,  abrasive  or  polishing 
agents,  and  various  additives. 

MARKETS 

The  crude  gem  stone  material  that  has  been  found  in 
California,  as  elsewhere,  command  prices  that  range 
widely  and  are  determined  by  (1)  the  mineral  species 
and  variety,  (2)  the  size  and  quality  of  the  individual 
specimens,  and  (3)  popularity  of  the  material  at  the 
time  of  sale.  Much  of  the  gem  trade  is  handled  on  the 
basis  of  barter  between  hobbyists  or  by  part-time  lapi- 
daries and  is  outside  of  the  ordinary  commercial  chan- 
nels. A  market  also  is  provided  by  the  many  professional 
gem  and  mineral  dealers  that  are  established  in  Cali- 
fornia, but  such  dealers  ordinarily  are  interested  only  in 
the  highest  quality  material  and  trade  mostly  in  gem 
minerals  from  out-of-state  sources. 

In  common  practice,  the  operators  of  small  domestic 
gem  mines  have  separated  newly  mined  material  into 
three  categories:  (1)  "gem"  material  from  which  un- 
flawed gem  stones,  preferably  larger  than  5  carats,  can 
be  cut;  (2)  "specimen"  material  not  adaptable  to  cut- 
ting, but  attractive  enough  to  be  valued  by  serious 
collectors;  and  (3)  "pound"  material  of  low  commercial 
value.  They  then  have  marketed  the  three  grades  to  in- 
dividual collectors,  to  gem  dealers,  or  to  lapidary  supply 
houses  at  prices  consistent  with  grade  and  popularity. 

Previous  to  the  late  1940 's,  only  the  very  highest 
quality  specimens  of  the  chalcedony-type  gem  stones  en- 
tered into  the  formal  trade.  The  development  of  new 
tumbling  techniques,  however,  has  permitted  the  profit- 
able treatment  of  much  of  the  material  that  had  been 
considered  sub-commercial,  but  the  uncut  material  re- 
mains very  low  in  price  and  difiieult  to  market. 
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Much  of  the  high-quality  material  eventually  has  been 
sent  out  of  the  United  States  for  faceting.  The  develop- 
ment of  a  large  domestic  gem-cutting  industry  is  hin- 
dered by  the  high  cost  of  labor  and  the  existence  of  an 
over-supply  of  most  gem  stones  on  the  domestic  market. 
The  demand  for  unusually  well-cut  stones,  however,  is 
high.  Listed  below  are  the  1956  retail  prices  for  average 
quality  cut  stones  of  the  types  mined  or  collected  in 
California.* 

Tourmaline :  . 

green,  6-10  carat  stones,  $4-$15  per  carat ; 
pink,  6-10  carat  stones,  $2-$6  per  carat. 

Spodumene : 

kunzite,  5-15  carat  stones,  $6-$12  per  carat ; 

pale  green  variety  is  priced  somewhat  lower  than  kunzite. 

Beryl : 

yellow  to  pink,  3-6  carat  stones,  $2-$8  per  carat. 
Garnet : 

pale  yellow  grossularite,  5-10  carat  stones,  $3-$8  per  carat. 
Topaz : 

colorless  to  very  pale  colored,  5-10  carat  stones,  $2-$S  per  carat. 
Benitoite : 

all  shades,  1  carat  sizes,  $15  to  $25  per  carat   (very  few  stones 
available). 

Jade : 

Californite,  $l-$8,  per  cabachon  stone  of  average  size. 
Jadeite,  $2-$12  per  cabachon  stone  of  average  size. 
Nephrite,  $4-$20  per  cabachon  stone  of  average  size. 

Turquoise  : 

20^-50^  per  carat  in  cabachon  stone  of  average  size. 
Chrysoprase : 

$2-$8  per  cabachon  stone  of  average  size. 
Chalcedony  (varieties  agate,  jasper,  petrified  wood,  etc.)  : 

$2-$8  per  cabachon  stone  of  average  size. 
Rhodonite : 

$2-$8  per  cabachon  stone  of  average  size. 
Diamond 


Opal 


quantity  from  California  is  too  small  to  be  subject  to 


Epidote     /  *  recognized  price  range. 

As  these  prices  apply  to  the  retail  trade,  those  paid  by 
dealers  are  considerably  lower. 
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GOLD* 

By  William  B.  Clark 


Gold,  to  most  people,  is  California's  best-known 
metallic  mineral  commodity.  It  was  the  principal  attrac- 
tion to  early-day  settlers  and  has  continued  to  stimulate 
the  growth  of  California.  During  the  period  1848-1954, 
California  mines  yielded  103,000,000  fine  ounces  of  gold 
valued  at  more  than  2^  billion  dollars,  a  total  exceeding 
that  of  any  other  state.  For  many  years  the  annual  gold 
output  of  California  was  the  highest  of  all  mineral 
products  of  the  state;  but  in  1907,  gold  was  surpassed 
in  value  by  petroleum  and  more  recently  by  several 
other  mineral  commodities.  Gold  continued  to  be  the 
state's  most  valuable  metallic  commodity  until  World 
War  II.  In  1943,  it  was  surpassed  by  quicksilver,  in 
1944  by  tungsten,  and  since  1952  by  both  tungsten  and 
iron. 

The  curtailment  of  gold  mining  during  World  War  II 
caused  a  pronounced  reduction  in  gold  output  from 
1942  to  1945.  Following  World  War  II,  gold  production 
rose  to  an  output  of  431,415  fine  ounces  in  1947.  How- 
ever, since  1947  gold  output  has  followed  a  diminishing 
trend.  This  trend  is  attributable  to  the  fixed  price  of 
gold  ($35.00  per  ounce),  the  high  cost  of  labor  and 
supplies,  the  expense  of  reconditioning  shut-down 
mines,  and  the  depletion  of  many  of  the  workable  gold 
deposits,  particularly  dredging  ground. 

Mineralogy  and  Geologic  Occurrence.  Native  gold  is 
by  far  the  most  abundant  of  the  gold  minerals.  In  nature 
it  is  commonly  alloyed  with  silver,  and  the  alloy  is 
known  as  electrum  if  the  silver  content  exceeds  20  per- 
cent. The  silver  fraction  in  California  gold  averages 
about  12  percent;  electrum  is  relativelj'  rare  in  the 
state.  The  purity  of  gold  is  usually  expressed  in  fine- 
ness. Pure  gold  is  1,000  fine.  Gold  that  is  900  fine  con- 
tains 900  parts  of  pure  gold  in  every  1,000  parts  of  the 
sample  or  alloy.  The  gold  mined  in  California  ordinarily 
lies  within  the  700  to  900  fineness  range. 

Gold  crystallizes  in  the  isometric  system,  but  ordinar- 
ily is  massive  or  flaky.  Although  crystals  are  uncommon 
in  most  gold  deposits,  well-formed  crystals  are  abundant 
at  several  lode  mines  in  California.  Such  crystals  gen- 
erally are  distorted  into  leaf -like  aggregates.  Ordinarily 
gold  is  disseminated  in  microscopic  grains  through  the 
enclosing  rock.  In  many  high-grade  ores  it  occurs  in 
visible  threads  and  plates  and  locally  forms  masses. 

The  tellurides,  calaverite  (AuTe2),  sylvanite  (Au,Ag) 
(Te2),  and  petzite  (Au,Ag)2(Te),  have  been  noted  at 
only  a  few  locations  in  California  but  are  of  little  com- 
mercial significance  in  the  state. 

Most  primary  gold  deposits  are  closely  associated  with 
intrusive  rocks  of  acidic  or  intermediate  composition. 
Many  of  the  California  deposits  consist  of  gold-bearing 
quartz  veins  that  contain  various  proportions  of  pyrite. 
Such  deposits  have  formed  in  fissures  or  as  cavity-fillings 
and  have  been  deposited  by  aqueous  solutions.  Some 
gold  deposits  are  the  products  of  contact  metamorphism 
or  replacement.  Gold  also  is  commonly  disseminated  in 
in  copper,  lead,  and  zinc  ores.  Because  of  its  high  specific 
gravity  and  resistance  to  weathering,  gold  is  easily  con- 
centrated in  placer  deposits. 

•  Partly  extracted  from  a  section  by  C.  A.  Logan  in  California  Div. 
Hines  Bulletin  156. 


Lode  Deposits  of  the  Western  Sierra  Nevada.  The 
chief  gold-bearing  region  in  California  is  the  west  slope 
of  the  Sierra  Nevada.  The  most  productive  deposits  in 
this  region  have  been  in  the  Mother  Lode  belt,  the 
Grass  Valley-Nevada  City  district,  the  Tertiary  channel 
gravels,  and  the  Quaternary  stream  gravels. 

The  Mother  Lode  is  a  northwest-trending  system  of 
veins  traversing  the  hills  of  the  western  Sierra  Nevada. 
It  is  about  120  miles  long,  a  mile  wide,  and  extends 
from  Mariposa  County  to  northern  El  Dorado  County. 
It  consists  of  an  en  echelon  to  linked  system  of  steeply 
dipping  veins  which  occur  as  fissure  fillings  within  or 
close  to  a  system  of  reverse  faults.  The  system  cuts  meta- 
morphie  rocks  of  sedimentary,  volcanic,  and  intrusive 
igneous  origin,  and  for  much  of  its  length  separates 
Paleozoic  from  Jurassic  rocks. 

Although  certain  features  are  characteristic  of  all 
Mother  Lode  gold  deposits,  other  features  differ  greatly. 
Two  main  types  of  gold  deposits  characterize  the  Mother 
Lode— gold-quartz  veins  and  bodies  of  mineralize'd 
country  rock.  Productive  quartz  veins  are  characteristic 
of  the  north  portion  of  the  Mother  Lode,  and  mineralized 
country  rock  associated  with  large  barren  quartz  veins 
and  mariposite-ankerite  rock  are  most  common  in  the 
south  portion  (Knopf,  1929,  p.  23). 

The  quartz  veins  are  tabular  masses  that  are  discord- 
ant with  the  planar  features  of  the  enclosing  rock.  The 
quartz  is  massive  or  exhibits  a  ribbon  structure.  It  gen- 
erally is  associated  with  fault  gouge.  The  gold  is  dis- 
seminated in  the  veins  in  the  free  state  and  is  closely 
associated  with  pyrite,  which  comprises  1  to  2  percent  of 
most  ore  bodies,  and  with  other  less  abundant  sulfides. 
The  veins  range  from  less  than  one  foot  to  as  much  as 
50  feet  in  width,  and  are  as  much  as  several  thousand 
feet  in  length. 

The  ore  shoots  are  relatively  small  in  longitudinal 
dimension,  and  stope  lengths  average  200  to  300  feet 
(Knopf,  1929,  p.  26).  Some  shoots  extend  to  much 
greater  depths,  however.  The  Argonaut  mine  in  Amador 
County,  for  example,  has  been  successfully  worked  to 
an  inclined  depth  of  6,300  feet.  Not  all  of  the  ore  shoots 
crop  out  at  the  surface,  and  each  deposit  contains  much 
barren  rock.  Vein  junctions  and  intersections  are  favor- 
able locations  for  ore  shoots.  Most  of  the  Mother  Lode 
gold-quartz  ore  has  been  of  moderate  grade,  and  has 
averaged  from  10  to  20  dollars  per  ton. 

Mineralized  greenstone,  which  is  known  as  "gray 
ore, ' '  commonly  is  associated  with  the  gold-quartz  veins, 
and  in  some  deposits  it  comprises  the  entire  ore  body. 
Gray  ore  is  composed  of  ankeritized  greenstone  and  con- 
tains pyrite  and  arsenopyrite  which  comprises  3  to  4 
percent'  of  the  rock.  The  gold  is  disseminated  in  the 
greenstone  and  is  closely  associated  with  the  sulfides. 
In  the  Mother  Lode  belt,  immense  bodies  of  mineralized 
schist,  that  contain  only  a  few  dollars  per  ton  in  gold, 
have  been  mined  at  Carson  Hill,  Calaveras  County  and 
at  Georgia  Slide,  El  Dorado  County.  At  Georgia  Slide, 
where  the  gold  deposits  are  known  as  "seam  diggings," 
the  gold  occurs  in  quartz  veinlets  in  deeply  weathered 
schist. 
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Figure  1.  Generalized  section  througli  a  Jlotlier  Lode  gold 
mine,  tlie  Kennedy  mine  in  Amador  County,  showing  fault  dis- 
placement of  slate  along  the  vein.   (After  Knopf,  1929,  p.  6'^.) 


The  most  productive  part  of  the  Mother  Lode  has  been 
a  12-inile  segment  between  Jackson  and  Plymouth  in 
Amador  County.  Here,  the  chief  mines  with  their  ap- 
proximate production  in  dollars  are  as  follows :  Kennedy, 
34  million ;  Argonaut,  25  million ;  Keystone,  24  million ; 
Old  Eureka,  19  million ;  Central  Eureka,  17  million ;  and 
Plymouth  Consolidated,  13|  million.  Other  major  sources 
of  gold  within  this  segment  of  the  Mother  Lode  in  Ama- 


dor County  have  been  the  South  Eureka,  Bunker  Hill, 
Zeila,  Fremont-Gover,  Wildman  and  Mahoney,  Oneida, 
and  Original  Amador  mines. 

From  Amador  County  northward  nearly  all  of  the 
Mother  Lode  veins  are  in  Mariposa  slate  of  Jurassic 
age,  but  south  of  Amador  County  they  occur  in  a  variety 
of  rocks  of  Upper  Jurassic  to  Paleozoic  age.  Such  rocks 
include  greenstone,  serpentine,  and  mica  schist.  Along 
some  segments  of  the  southern  part  of  the  Mother  Lode 
the  veins  have  formed  at  or  close  to  the  contact  of  two 
of  these  rock  types.  Major  mines  of  the  Mother  Lode  out- 
side of  Amador  County  include  the  Mariposa,  Pine  Tree 
and  Josephine,  Virginia,  Mary  Harrison  and  Malvina 
in  Mariposa  County ;  App-Heslep,  Eagle-Shawmut,  Har- 
vard, Jumper  and  Rawhide  in  Tuolumne  County;  the 
mines  at  Carson  Hill,  and  the  Utica  and  Gold  Cliff  at 
Angels  Camp,  all  in  Calaveras  County;  and  the  Union, 
Pacific,  Sliger  and  Black  Oak  in  El  Dorado  County.  The 
Carson  Hill  mines  have  a  total  output  valued  at  26  mil- 
lion dollars,  and  the  Utica  mine  production  is  valued  at 
17  million  dollars. 

In  the  Sierran  foothills,  all  mines  east  of  the  Mother 
Lode  have  been  grouped  under  the  name  "East  Belt". 
East  Belt  veins  cut  a  variety  of  rocks — metasediments, 
greenstone  and  granodiorite — and  the  veins  have  no 
well-defined  preferred  orientation.  In  general  the  East 
Belt  veins  are  narrower  and  the  ore  shoots  smaller  than 
those  of  the  Mother  Lode,  but  the  ore  shoots  commonly 
are  richer.  Many  of  them  have  averaged  $50  or  more  per 
ton  in  gold.  The  ores  are  more  complex  than  in  most 
Mother  Lode  mines  and  commonly  contain  appreciable 
amounts  of  ehalcopyrite,  arsenopyrite,  galena  and  sphal- 
erite in  addition  to  pyrite.  The  most  productive  East 
Belt  mines  have  been  the  Sheep  Ranch  mine,  Calaveras 
County ;  the  Mount  Pleasant  and  currently  active  Hazel 
Creek  mines  near  Grizzly  Flats,  El  Dorado  County ;  the 
Confidence  mine  near  Twain  Harte  and  the  Soulsby  and 
Black  Oak  mines  near  Soulsbyville,  Tuolumne  County; 
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Figure  2.     Generalized  section  through  the  Pennsylvania  mine.  Grass  Valley.  (After  Johnston,  19JfO,  p.  80.) 
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and  the  Clearinghouse,  Hite  and  Hasloe  mines  in  Mari- 
posa County. 

Gold-bearing  veins  of  the  Sierran  foothills  west  of  the 
Mother  Lode  have  been  referred  to  by  some  workers  as 
the  ""West  Belt"  deposits.  Some  of  the  veins  occur  in 
inetamorphic  rocks  near  contacts  with  granitic  intrusive 
bodies,  whereas  others  cut  metamorphic  rocks  but  seem- 
ingly are  unrelated  to  such  contacts.  Still  others  are  asso- 
liated  with  a  variety  of  igneous  dike  rocks.  The  gold  in 
tlie  West  Belt  deposits,  like  some  of  the  gold  in  the 
Mother  Lode,  occurs  with  pyrite  in  altered  metamorphic 
rock  adjacent  to  veins  as  well  as  in  the  quartz  veins 
themselves.  The  leading  "West  Belt  mines  have  been  the 
Zantgraf ,  south  of  Auburn,  the  Big  Canyon  and  Pyramid 
mines  near  Shingle  Springs,  all  in  El  Dorado  County; 
the  Gold  Knoll,  Mountain  King  and  Eoyal  mines  of  the 
Topperopolis  district,  Calaveras  County ;  and  the  Mount 
( iaines  and  "Washington  mines  of  the  Hornitos  district  of 
-Mariposa  County.  Gold  is  also  an  important  constituent 
in  ores  of  the  foothill  copper-zinc  belt  (see  copper  section 
of  this  bulletin). 

Substantial  amounts  of  gold  were  mined  in  the  Ophir 
district  just  west  of  Auburn,  Placer  County,  where  gold- 
(|uartz  veins  are  associated  with  a  granodiorite  intrusion. 
.\t  Colfax,  in  Placer  County,  is  another  notable  gold- 
mining  district.  Here  the  Rising  Sun  was  the  principal 
mine.  Further  east  near  Dutch  Plat,  the  Pioneer  mine 
was  a  major  source  of  gold. 

The  Grass  "Valley-Nevada  City  district  of  Nevada 
( 'ounty,  lying  50  miles  north  to  northwest  of  the  Mother 
Lode,  contains  the  two  largest  and  most  productive  lode- 
i;old  mines  in  California  as  well  as  many  other  major 
uold  mines.  Gold-quartz  veins  in  this  area  occupy  com- 
plex fracture  zones  in  granodiorite  and  metamorphic 
locks  of  Paleozoic  and  Jurassic  age. 

At  Grass  "Valley,  the  veins  occur  in  two  main  systems 
and  are  associated  with  an  elongate  north-trending  gran- 
odiorite body.  The  veins  in  one  system  trend  northerly 
and  dip  gently,  some  eastward  and  some  westward.  These 
iiocur  in  granodiorite  or  metamorphic  rocks  adjacent  to 
the  granodiorite.  The  veins  of  the  other  system  trend 
west  or  northwest,  dip  both  northward  and  southward, 
and  are  in  metamorphic  rocks,  some  just  to  the  south 
i)f  an  extensive  serpentine  mass  northeast  of  Grass 
Valley.  Many  of  the  productive  veins  of  both  systems 
extend  into  granodiorite  at  depth.  The  veins  vary  widely 
in  lateral  extent,  and  most  of  them  are  10  feet  or  less  in 
thickness  (Johnston,  1940,  p.  31).  Gold  occurs  in  the 
quartz  and  in  sulfides,  principally  pyrite  within  the 
veins.  The  veins  also  contain  smaller  amounts  of  galena, 
sphalerite,  arsenopyrite,  chaleopyrite,  and  minor  amounts 
of  seheelite.  Rich  "high-grade"  pockets  occasionally  are 
encountered  in  the  veins.  The  ore  shoots  show  a  great 
range  in  size,  and  many  have  irregular  shapes.  The  Em- 
pire vein  has  been  worked  to  an  inclined  depth  of  more 
than  11,000  feet. 

The  largest  mining  operation  of  the  Grass  "Valley  dis- 
trict has  been  that  of  the  Empire-Star  Mines  Company, 
Ltd.  This  mine  is  a  consolidation  of  the  Empire,  North 
Star,  and  Pennsylvania  mines  and  has  a  total  gold  out- 
put valued  at  more  than  $130,000,000.  The  total  output 
of  the  Brunswick  and  Idaho  mines  of  the  Idaho-Mary- 
land Mines  Corporation  is  valued  at  more  than  $60,000,- 
000.  Other  properties  at  Gi^ss  "Valley  that  have  yielded 


large  amounts  of  gold  include  the  Golden  Center,  Union 
Hill,  Allison  Ranch,  Golden  Gate,  and  Norambagua 
mines. 

In  the  Nevada  City  district  about  5  miles  east  of  Grass 
"Valley,  gold-bearing  quartz  veins  occur  where  metamor- 
phic rocks  have  been  intruded  by  granodiorite.  The  best- 
known  mine  is  the  Lava  Cap,  which  yielded  $12,000,000 
in  less  than  ten  years.  The  other  principal  lode  mines 
were  the  Murchie,  Champion,  Pittsburgh,  Mountaineer, 
and  Providence. 

At  "Washington,  14  miles  northeast  of  Nevada  City, 
gold-bearing  quartz  veins  occur  in  metamorphic  rocks 
and  granite.  In  this  area,  the  Yuba  and  Gaston  mines 
have  been  the  principal  sources  of  gold.  Bast  of  Wash- 
ington, and  also  in  Nevada  County,  is  a  belt  of  gold- 
bearing  veins  in  granite  and  metamorphic  rocks  extend- 
ing from  Graniteville  south  to  Emigrant  Gap.  The  Zei- 
bright  mine  north  of  Emigrant  Gap  was  a  large  recent 
operation.  Substantial  amounts  of  lode  gold  also  have 
been  produced  at  French  Corral  northwest  of  Grass 
"Valley,  at  North  Columbia  north  of  Nevada  City,  at 
Rough-and-Ready  west  of  Grass  "Valley,  and  near 
Meadow  Lake  in  eastern  Nevada  County. 

The  AUeghany-Downieville  district  of  Sierra  County, 
25  miles  northeast  of  Grass  Valley,  is  famous  for  the 
richness  of  its  gold  mines.  Here,  quartz  veins  fill  reverse 
faults  in  metamorphic  rocks  of  Paleozoic  age.  The  gold 
occurs  in  the  quartz  and  in  relatively  small  but  rich 
pockets,  some  of  which  assay  $2000  per  ton  or  more  in 
free  gold  (Ferguson  and  Gannett,  1932,  p.  52).  Only 
small  amounts  of  sulfides,  principally  arsenopyrite,  are 
present.  The  presence  of  numerous  bodies  of  serpentine 
has  had  a  profound  influence  on  the  localization  of  ore 
shoots.  Individual  shoots  have  yielded  from  a  few  hun- 
dred to  hundreds  of  thousands  of  dollars  worth  of  gold. 
The  Original  Sixteen-to-One  mine,  which  has  had  a  total 
output  of  over  $16,000,000,  has  been  the  largest  source 
of  gold  in  the  district.  Other  notable  mines  are  the  Brush 
Creek,  Oriental,  Plumbago,  Rainbow,  and  Kate  Hardy. 

Fifteen  miles  east  of  Downieville  is  the  Sierra  Buttes 
district  where  gold-quartz  veins  occur  in  metasedimen- 
tary  and  metavolcanic  rocks  of  Paleozoic  and  Jurassic 
age.  The  Sierra  Buttes  mines,  which  had  a  total  output 
of  about  $17,000,000,  and  the  Young  America,  Moun- 
tain, and  Phoenix  mines  have  been  the  chief  sources  of 
gold.  In  the  Pike  district  in  southwestern  Sierra  County, 
gold-quartz  veins  are  in  metavolcanic  rock.  The  Alaska 
mine  was  the  largest  operation. 

Gold  has  been  produced  from  several  areas  in  eastern 
and  northeastern  Yuba  County,  particularly  the  Browns 
Valley,  Brownsville,  and  Smartsville  areas.  Quartz  veins, 
some  of  which  have  yielded  rich  pockets,  are  in  metamor- 
phic rocks  near  granite. 

In  eastern  Butte  County,  gold-bearing  quartz  veins 
occur  in  metavolcanic  rock  near  extensive  bodies  of 
granodiorite.  These  deposits  have  been  developed  prin- 
cipally by  the  Gold  Bank  mine  near  Forbestown,  the 
Matheson  mine  near  Magalia,  and  the  Surcease  mine 
north  of  Oroville.  In  Plumas  County,  large  amounts  of 
lode  gold  have  been  mined  in  the  Johnsville  district 
where  gold-quartz  veins  occur  in  metasediments  of  Pale- 
ozoic age  that  have  been  intruded  by  gabbro  and  diorite. 
Here,  the  principal  operations  have  been  the  Plumas- 
Eureka  and  Jamison  mines.  Near  Crescent  Mills,  where 
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substantial  amounts  of  gold  were  produced  from  gold- 
quartz  veins  in  granodiorite,  the  Green  Mountain  and 
Indian  Valley  mines  were  the  chief  sources  of  gold. 

Placer  Deposits  of  the  Western  Sierra  Nevada.  The 
alluvial  or  placer  gold  deposits  of  the  western  Sierra 
Nevada  have  contributed  more  than  40  percent  of  Cali- 
fornia's total  gold  output.  They  have  been  formed  by 
the  erosion  of  pre-existing  veins  and  are  divisible  into 
early  Tertiary  (older)  deposits  and  the  Quaternary 
(younger)  deposits. 

The  early  Tertiary  placers  consist  chiefly  of  quartz 
gravel.  In  1911,  they  were  estimated  to  have  yielded 
about  $300,000,000  in  gold  (Lindgren,  1911,  p.  81).  The 
early  Tertiary  gravels  were  buried  by  later  Tertiary 
lavas,  and  new  systems  of  streams  developed.  Most  of 
the  channel  deposits  that  formed  during  the  later  Ter- 
tiary volcanic  episode  are  lean  in  gold.  When  the  Sierras 
were  re-elevated,  the  new  streams  cut  through  the  older 
surface,  but  in  many  areas  the  thick  volcanic  cover  pre- 
served the  early  Tertiary  channels.  Most  of  the  output 
of  Tertiary  placer  gold  has  been  obtained  by  hydraulic 
mining,  but  some  deposits  were  extensively  worked  by 
underground  mining.  Such  mines  are  known  as  drift 
mines. 

The  most  productive  Tertiary  channel  deposits  have 
been  as  follows :  ( 1 )  The  Magalia  channel  near  Magalia, 
northeastern  Butte  County,  which  is  of  limited  extent, 
and  in  which  drift  mines  such  as  the  Emma,  Indian 
Springs,  and  Perschbaker  have  been  the  most  produc- 
tive; (2)  The  channel  at  Table  Mountain  north  of  Oro- 
ville  which  has  been  developed  by  the  Cherokee  hydrau- 
lic mine  with  a  total  output  of  more  than  $13,000,000; 

(3)  The  various  branches  of  the  Tertiary  Yuba  River, 
in  Plumas,  Sierra,  Nevada,  and  Yuba  Counties,  which 
have  yielded  enormous  quantities  of  gold  by  hydraulic 
and  drift  mining,  particularly  in  the  La  Porte  district 
of  Plumas  County,  which  has  a  total  output  of  more 
than  $60,000,000,  the  Gibsonville,  Brandy  City,  Downie- 
ville,  and  Alleghany  areas  of  Sierra  County,  the  Camp- 
tonville  area  in  Yuba  County,  and  the  Washington, 
North  Bloomfield,  North  Columbia,  North  San  Juan, 
Lowell  Hill,  and  French  Corral  areas  in  Nevada  County ; 

(4)  Branches  of  the  Tertiary  American  River  in  Placer 
and  El  Dorado  Counties  where  highly  productive  mines 
have  existed  in  the  Dutch  Flat,  Gold  Run,  Yankee  Jims, 
Iowa  Hill,  Foresthill,  Michigan  Bluff,  Last  Chance  and 
Placerville-Diamond  Springs  districts;  (5)  Branches  of 
the  Tertiary  Mokelumne  River  of  which  the  richest  por- 
tions were  at  Indian  Diggings,  El  Dorado  County;  and 
Fiddletown,  and  Volcano,  Amador  County;  (6)  Tertiary 
Calaveras  River,  in  Calaveras  County  where  productive 
drift  mines  have  been  worked  on  channels  at  Mokelumne 
Hill,  Vallecito,  and  Altaville,  and  where  considerable 
hydraulic  mining  was  done  at  Douglas  Flat;  and  (7) 
Tertiary  Tuolumne  River  in  Tuolumne  County  which 
contains  some  of  the  richest  placers  in  the  Sierra  Nevada, 
especially  the  Columbia  district  whose  total  gold  output 
is  valued  at  about  $87,000,000. 

In  the  Quaternary  period  another  group  of  streams 
was  established  and  developed  into  the  present  river 
systems.  These  swept  away  much  of  the  Tertiary  vol- 
canic cover,  completely  removed  long  sections  of  the 
earlier  rivers,   and  cut  new   canyons  in   the  bedrock. 


Some  of  these  canyons  are  2,000  to  2,500  feet  below  the 
old  surface.  This  tremendous  amount  of  erosion  caused 
large  quantities  of  gold  to  accumulate  in  the  main 
streams  and  their  branches.  These  Quaternary  deposits 
range  in  size  from  the  small  but  rich  placers  only  a  few 
square  feet  in  extent  which  were  worked  during  the 
early  days  of  the  gold  rush,  to  the  large  but  low-grade 
deposits  covering  many  square  miles  and  which  have 
been  worked  by  modern  bucket-line  dredges.  Some  of  the 
rich  surface  placers,  worked  during  the  early  days,  con- 
tained many  dollars  worth  of  gold  in  a  cubic  yard.  The 
deposits  in  the  dredging  fields  commonly  contain  25 
cents  or  less  per  cubic  yard,  but  vast  amounts  of  gold- 
bearing  material  are  dredged.  Individual  dredges  treat 
as  much  as  5  million  cubic  yards  of  gravel  per  year. 

Quaternary  placer  deposits  have  been  dredged  exten- 
sively along  the  Feather  River  near  Oroville,  Butte 
County ;  the  Yuba  River  near  Hammonton,  Yuba  Coun- 
ty; the  American  River  near  Folsom,  Sacramento 
County;  the  Mokelumne  River  in  eastern  San  Joaquin 
and  western  Calaveras  Counties;  the  Tuolumne  River 
near  La  Grange,  Stanislaus  County;  and  the  Merced 
River  near  Snelling,  Merced  County. 

Residual  placers,  those  in  which  gold  has  been  re- 
leased from  the  enclosing  rock  but  not  transported  from 
the  original  site  are  common  in  and  near  the  Mother 
Lode  belt  in  northern  El  Dorado  County.  Locally  they 
are  called  "seam  diggings".  The  most  productive  seam 
mines  were  at  Georgia  Slide  a  few  miles  north  of 
Georgetown. 

Other  Gold-Bearing  Regions.  Apart  from  the  west 
slope  of  the  Sierra  Nevada,  gold  also  occurs  in  a  number 
of  areas  along  the  east  flank  of  the  central  and  north  parts 
of  the  range.  In  the  Diamond  Mountain  district,  a  few 
miles  south  of  Susanville,  Lassen  County,  gold  has  been 
produced  from  quartz  veins  in  granitic  rocks  and  from 
stream  gravels.  It  also  was  produced  as  a  by-product  from 
large  copper  mines  to  the  south  in  Plumas  County.  Gold 
also  was  produced  from  the  Mogul  and  Monitor  districts 
southeast  of  Markleeville  in  Alpine  County.  Here  large 
but  low-grade  gold-bearing  silicified  zones  cut  andesite. 

West  of  Mono  Lake,  Mono  County,  is  the  Lundy  dis- 
trict where  gold-bearing  quartz  veins  are  in  slate  and 
granite.  The  May  Lundy  mine  was  the  chief  source  of 
gold  in  this  district.  In  western  Inyo  County,  gold  has 
been  produced  from  several  districts  on  the  east  flank 
of  the  Sierra  Nevada.  These  include  the  Bishop  Creek 
area  southwest  of  Bishop,  in  which  the  Wilshire-Bishop 
mine  is  the  most  noteworthy,  and  the  area  west  of  Kear- 
sarge.  Small  amounts  of  gold  are  produced  as  a  by- 
product of  tungsten  mining  in  this  region. 

Large  quantities  of  gold  have  been  produced  from  the 
Klamath  Mountains  in  the  northwestern  part  of  the  state, 
principally  from  Shasta,  Siskiyou,  and  Trinity  Counties. 
In  this  region  gold-bearing  quartz  veins  occur  in  metamor- 
phic  rocks  of  Paleozoic  age  that  have  been  invaded  by 
granitic  rocks  of  Jurassic  age.  Many  dikes  are  associated 
with  the  gold  veins.  Gold  also  occurs  in  the  massive  sulfide 
bodies  of  the  Shasta  copper-zinc  belt  north  of  Redding, 
and  in  placer  deposits  which  have  been  worked  ex- 
tensively. 

In  the  Klamath  Mountains,  the  most  productive  area 
for  lode  gold  was  the  Deadwood-French  Gulch  district 
of  Shasta  and  Trinity  Counties.  Notable  gold  mines  in 
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tliis  district  included  the  Brown  Bear,  which  has  a  total 
output  of  more  than  $8,000,000,  and  the  Gladstone,  Milk- 
maid, and  Washington  mines.  Other  formerly  productive 
districts  in  Shasta  County  are  at  Harrison  Giilch,  where 
the  Midas  mine  was  a  major  source  of  ^old ;  the  Old  Dig- 
jrings  district,  where  the  Reid  and  Walker  mines  were 
extensively  operated ;  and  the  Whiskeytown  district 
^^  here  the  Mad  Mule  was  important.  Much  gold  also  was 
mined  in  the  Cecilville-Black  Bear  district  of  Siskiyou 
( "ounty,  where  the  King  Solomon  mine  was  a  noted  opera- 
lion.  Other  highly  productive  gold  mines  in  the  region 
include  the  presently  active  Siskon  mine  near  Happy 
•  amp,  Siskiyou  County;  the  Golden  Eagle  north  of  Port 
•limes,  Siskiyou  County;  the  Uncle  Sam  near  Kennett, 
Shasta  County ;  the  Bully  Choop  south  of  Douglas  City. 
Trinity  County;  and  the  Globe  area  near  the  town  of 
Dodrick,  Trinity  County. 

In  the  Klamath  Mountain  region  also,  large  quantities 
i)f  placer  gold  have  been  produced  by  dredgins  and 
liydraulic  mining,  particularly  during  the  1930 's.  Exten- 
sive deposits  of  gold-bearing  gravels  are  in  and  along  the 
Klamath,  Scott,  Trinity,  Salmon,  and  Tipper  Sacramento 
Rivers  as  well  as  a  number  of  large  creeks.  Not  only  is 
tiold  found  in  the  stream  beds  themselves,  but  also  in  ter- 
race and  bench  deposits  on  the  sides  of  the  present  river 
rliannels.  These  terrace  deposits  range  from  Pleistocene 
to  Recent  in  age.  In  recent  years  large  dredging  operations 
liave  been  active  on  branches  of  the  Trinity  River  at  Trin- 
ity Center,  Lewiston,  Hayfork,  and  Junction  City;  on  the 
Salmon  River  near  Sawyers  Bar;  on  the  Klamath  River 
near  Seiad,  Yreka,  and  Horse  Creek;  on  Clear  Creek  near 
French  Gulch ;  on  the  Scott  River  near  Callahan ;  along 
Cottonwood  Creek;  on  the  Sacramento  River  south  of 
Redding ;  and  in  the  Igo  district  west  of  Reddinsr.  Hydrau- 
]  ic  mining  also  has  been  very  extensive,  particularly  in  the 
Weaverville  and  Coffee  Creek  areas. 

In  Modoc  County,  of  northeastern  California,  gold  has 
been  produced  from  the  High  Grade  district  in  the  War- 
ner Mountains  and  the  Winters  district  southwest  of  Al- 
turas.  Shallow  gold-bearing  veins  occur  in  fault  zones  in 
volcanic  rocks  of  Tertiary  age.  Appreciable  amounts  of 
gold  were  mined  in  the  Ilayden  Hill  district  in  northern 
Lassen  County.  Here,  gold  associated  with  manganese  is 
found  in  breeciated  zones  in  Tertiary  volcanic  rocks.  The 
largest  sources  of  gold  in  this  district  were  the  Golden 
Eagle,  Juniper,  and  Brush  Hill  mines. 

East  of  the  Sierra  Nevada,  in  Mono  and  Inyo  Counties, 
are  a  number  of  famous  gold  mining  districts.  More  than 
$30,000,000  worth  of  gold  has  been  produced  at  Bodie  in 
eastern  Mono  County,  where  gold-bearing  quartz  veins 
are  in  andesite.  The  largest  gold  mine  in  the  area  is  the 
Standard,  which  has  had  a  total  output  of  more  than 
$18,000,000.  Other  well-known  sources  of  gold  of  the 
Bodie  area  were  the  Southern  Consolidated  and  Syndicate 
mines.  In  the  Masonic  district,  north  of  Bodie,  gold  occurs 
in  quartz  veins  in  metamorphic  rocks  and  granite.  Here, 
the  Pittsburgh-Liberty  mine  was  the  largest  operation. 

In  the  Inyo  Range  northeast  of  Lone  Pine  is  the  Russ 
district  where  gold-bearing  quartz  veins  are  in  Paleozoic 
metamorphic  rocks  intruded  by  granite.  Here,  the  Brown 
Monster-Reward  mine  was  a  noted  producer.  The  Keane 
Wonder  mine  in  the  Funeral  Range  north  of  Death  Valley 
also  was  a  major  source  of  gold.  In  the  Wildrose  district 


of  the  Panamint  Range,  gold-bearing  quartz  veins  occur  in 
quartz  monzonite.  Here,  the  Skidoo  mine  was  the  princi- 
pal operation.  East  of  Ballarat,  and  on  the  west  side  of 
the  Panamint  Range  is  the  Ratcliff  gold  mine,  which  was 
highly  productive.  In  this  area  gold-quartz  veins  are  in 
schist.  Gold  is  a  minor  but  economically  important  con- 
stituent of  the  lead-silver  and  copper  deposits  in  Inyo 
County. 

Kern  and  San  Bernardino  Counties  contain  the  largest 
gold  mines  in  southern  California.  The  Randsburg  dis- 
trict, which  lies  athwart  the  mutual  line  of  the  counties 
and  which  has  been  especially  productive,  contains  gold 
and  silver-gold  mineralization  in  quartz  veins  and  as  im- 
pregnations and  stockworks  in  quartz  monzonite  of  Meso- 
zoic  age  and  in  pre-Cambrian  schist.  The  Yellow  Aster, 
which  has  a  total  output  of  more  than  $12,000,000,  was 
the  largest  mine.  Other  mines  of  the  district,  which  were 
highly  productive  were  the  Black  Hawk,  California  Rand 
Silver,  and  Sunshine.  Substantial  amounts  of  placer  gold 
have  been  recovered  in  the  Goler  Gulch  area  of  the  El 
Paso  Mountains. 

In  the  Mojave-Rosamond  district  of  southeastern  Kern 
County,  gold-quartz  veins  occur  in  or  near  rhyolite  plugs 
that  are  intrusive  into  quartz  monzonite.  The  most  pro- 
ductive mines  in  the  area  have  been  the  Cactus  Qtieen, 
Exposed  Treasure  and  Desert  Queen,  Golden  Queen 
group,  and  Tropico  mines.  At  the  Cove  district,  which 
lies  in  the  part  of  the  Sierra  Nevada  that  extends  into 
northeastern  Kern  County  and  which  is  near  the  town 
of  Kernville,  gold-bearing  quartz  veins  are  associated 
with  Paleozoic  schist  and  Jurassic  granitic  rock.  The 
most  productive  mines  of  this  area  were  the  Big  Blue 
and  Sumner  group.  Other  large  gold  mines  of  Kern 
County  include  the  Joe  Walker,  Saint  John,  and  Amalie 
mines  east  of  Bakersfield  in  the  Sierra  Nevada. 

Signiticant  amounts  of  gold  have  been  mined  through- 
out San  Bernardino  County,  but  the  principal  source  has 
been  the  Bagdad-Chase  mine  south  of  Ludlow,  where 
pold  and  copper  deposits  are  found  along  contacts  be- 
tween bodies  of  quartz  monzonite  and  rhyolite.  In  the 
Dale  district  southeast  of  the  town  of  Twenty-Nine 
Palms,  gold-quartz  veins  occur  in  andesite  porphyry.  The 
chief  mines  of  the  Dale  district  were  the  Supply  and 
Nightingale.  Gold  also  has  been  produced  in  the  Whipple 
Mountains,  the  Ivanpah  Range,  the  New  York  Moun- 
tains, and  the  Old  Woman  Mountains. 

Gold  occurs  in  numerous  areas  in  Riverside,  Imperial, 
and  San  Diego  Counties.  Most  of  the  gold  mined  in 
Riverside  County  has  been  obtained  from  the  Pinacate 
district,  where  there  are  gold-quartz  veins  in  granodio- 
rite.  The  principal  operation  in  this  district  was  the 
Good  Hope  mine. 

Substantial  quantities  of  gold  have  been  produced 
from  quartz  veins  in  pre-Cambrian ( ?)  schist  and  gneiss 
in  the  Cargo  Muehacho  and  Picaeho  Mountains  of  south- 
eastern Imperial  County.  The  chief  gold  operation  of 
the  Cargo  Muehacho  area  were  the  American  Girl  and 
Golden  Queen  mines,  whereas  the  Picaeho  mine  had  the 
greatest  output  of  those  in  the  Picaeho  district.  Substan- 
tial amounts  of  placer  gold  also  were  produced  from  the 
Picaeho  area  as  well  as  from  the  Potholes  area  near  the 
Laguna  Dam,  which  is  east  of  the  Cargo  Muehacho 
Mountains.  Gold  also  has  been  produced  from  the  Pay- 
master silver  district  in  the  Chocolate  Mountains. 
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Gold  has  been  mined  in  the  Julian-Banner  district,  in 
the  Peninsular  Ranges  of  San  Diego  County,  where 
gold-bearing  quartz  veins  occur  in  Triassic  schist  that 
has  been  intruded  by  granite  and  granodiorite.  Less  ex- 
tensive operations  were  active  around  Escondido  and  in 
northern  San  Diego  County  along  the  Riverside  County 
boundary. 

Several  million  dollars  worth  of  gold  has  been  pro- 
duced from  the  San  Gabriel  Mountains  of  Los  Angeles 
County,  mostly  from  the  Governor  mine  near  Acton, 
where  gold-quartz  veins  cut  quartz  diorite.  Placer  gold 
has  been  obtained  from  Quaternary  deposits  in  the 
Saugus  district  and  from  the  San  Gabriel  River  channel. 
Gold  also  has  been  mined  in  northeastern  Ventura 
County,  notably  the  Frazier  Mountain  mine,  which  has 
developed  a  gold-quartz  vein  in  schist  and  slate. 

Gold  has  been  found  throughout  the  Coast  Ranges,  but 
the  deposits  are  small,  and  the  production  has  been 
sporadic.  Small  gold,  silver,  and  copper-bearing  veins  as 
well  as  a  few  massive  pyrite  bodies  with  small  amounts 
of  gold  occur  in  metamorphic  rocks  of  the  Franciscan 
group  and  granitic  rock.  Small  amounts  of  gold  also 
have  been  recovered  in  black  sands  and  in  beach  and 
stream  deposits  tributary  to  the  Coast  Ranges.  The  prin- 
cipal source  of  gold  in  the  Coast  Ranges  has  been  in  the 
Los  Burros  district  in  southwestern  Monterey  County. 

Utilization.  The  chief  function  of  gold  in  the  United 
States  is  as  a  foundation  upon  which  to  base  the  mone- 
tary system,  and  its  use  is  closely  regulated.  Prior  to 
1934,  gold  coins  circulated  freely  in  the  United  States 
and  to  a  lesser  extent  in  other  countries.  It  has  con- 
tinued to  serve  in  the  settlement  of  international  debts 
and  in  this  sense  is  still  considered  as  international 
money.  On  December  31,  1954,  the  United  States  had 
an  official  gold  reserve  of  $21,712,306,402,  nearly  all  of 
it  in  the  form  of  bullion. 

Large  quantities  of  gold  are  used  in  the  arts.  The  wide- 
spread prosperity  that  has  followed  "World  War  II  and 
high  marriage  rate  have  increased  the  demand  for  jew- 
elry, watches,  gold  leaf,  and  many  luxury  items  made  of 
gold.  The  properties  of  gold  such  as  resistance  to  cor- 
rosion and  its  malleability  make  it  useful  in  dentistry 
and  industry.  It  is  used  in  gilding  and  plating,  in  chemi- 
cal and  laboratory  ware,  and  as  an  alloy  in  thermo-elec- 
trical  instruments.  In  medicine,  radioactive  gold  salts  are 
used  in  the  treatment  of  certain  diseases. 

Markets.  Since  1934,  when  gold  was  withdrawn  from 
circulation  in  the  United  States,  the  only  gold  that  can 
be  legally  acquired,  transported  in  the  country,  im- 
ported, or  held  in  custody  for  domestic  account  without 
a  license  is  gold  in  its  natural  state.  This  is  defined  by 
the  U.  S.  Treasury  as  gold  "recovered  from  natural 
sources  which  has  not  been  melted,  smelted,  or  refined  or 
otherwise  treated  by  heating  or  by  chemical  processes. ' '  * 
Persons  in  California  engaging  in  purchasing  gold  ores, 
concentrates,  or  amalgams  are  required  by  law  to  have 
a  state  license.**  Such  licenses  are  issued  by  the  State 
Division  of  Mines.  All  newly  mined  gold  not  in  its  nat- 
ural state  must  be  sold  either  to  the  U.  S.  Mint  or  to  a 

*  U.  S.  Treasury  Department  provisional  regulations  Issued  under 
the  Gold  Reserve  Act  of  1934,  Art.  2,  Sec.  19,  January  30  and 
31,  1934. 

*•  Public  Resources  Code  of  the  State  of  California.  Division  II, 
Chapter  3,  and  amendments.  - 


licensed  buyer.  The  price  paid  by  the  U.  S.  Treasury 
for  gold  purchased  by  the  mints  is  $35  per  troy  ounce  of 
fine  gold,  less  ^  of  1% ;  85^  cents  per  fine  ounce  is  paid 
for  the  contained  silver.  Gold  for  industrial  uses  is  sold 
to  licensed  buyers  by  the  government. 

Because  of  the  unsettled  condition  of  many  foreign 
currencies,  gold  has  been  in  demand  in  parts  of  Europe, 
Asia,  and  Africa  at  prices  higher  than  the  official  price 
of  $35  per  ounce.  However,  producers  in  the  United 
States  are  prevented  by  law  from  shipping  gold  to  these 
markets. 

Mining  and  Milling  Methods.  Small  and  generally 
crude  tools  were  used  to  recover  gold  from  placers  dur- 
ing the  early  days  of  the  gold  rush  in  California.  Ex- 
tensively employed  were  the  miner's  pan  and  its  wooden 
version,  the  batea,  which  was  introduced  by  Mexicans. 
Devices,  such  as  sluice  boxes  and  rockers  or  cradles  were 
introduced  later;  these  increased  the  amount  of  material 
that  each  miner  could  handle  and  the  percentage  of  gold 
recovered. 

Hydraulic  mining,  a  still  later  development,  consists 
of  directing  large  jets  of  water  against  the  banks  of  gold- 
bearing  gravel  which  commonly  are  several  hundred  feet 
high.  Gold  is  recovered  partly  by  cleaning  bedrock  after 
the  gravel  has  been  stripped  away  and  partly  in  riffles 
in  the  string  of  sluice  boxes  through  which  the  washed 
gravels  and  water  flow.  In  drift  mining,  pay  streaks  in 
the  old  river  channels  are  developed  by  drifts  and  cross- 
cuts. The  excavated  gravels  are  sluiced  or  sent  through  a 
washing  plant  to  recover  the  gold. 

Floating  bucket-line  dredges,  now  the  principal  means 
of  placer  gold  recovery  in  the  state,  handle  large 
amounts  of  gold-bearing  gravels  with  a  small  crew.  The 
gravels  excavated  by  the  buckets  are  sent  through  a 
trommel  or  revolving  screen  which  discharges  the  over- 
size gravels.  These  are  then  stacked  in  large  piles  by 
conveyor  belts.  Undersize  material  from  the  trommel  is 
delivered  to  gold-saving  tables  equipped  with  riffles,  to 
jigs,  or  to  a  combination  of  both,  where  the  gold  is  re- 
covered. Dragline  dredges  or  "doodlebugs"  combine  a 
dragline  and  a  floating  or  dry-land  washing  plant 
equipped  with  a  trommel  and  banks  of  riffles. 

Virtually  aU  of  the  operations  on  lode  gold  deposits 
in  California  are  underground  mines.  Square-set  stopes 
are  the  most  common  in  California's  gold  mines,  al- 
though shrinkage  stopes  are  locally  employed.  Sand-  or 
waste-filling  is  employed  in  some  of  the  larger  mines. 
Wherever  possible,  mechanical  devices,  such  as  loaders, 
scrapers,  and  locomotives,  are  used  underground  to  lower 
mining  costs.  Considerable  amounts  of  water  are  en- 
countered in  most  California  gold  mines.  Consequently 
much  pumping  equipment  is  used. 

Lode-gold  ores  are  treated  by  several  processes  each 
of  which  involves  crushing  and  fine  grinding  as  prelim- 
inary steps.  Ball  mills  or  stamp  mills  usually  are  em- 
ployed in  fine  grinding.  The  gold  is  recovered'  from  the 
finely  ground  ore  by  amalgamation,  flotation,  jigging, 
table  concentration,  or  a  combination  of  these  processes 
(fig.  3).  In  amalgamation,  gold-bearing  material  is 
brought  into  contact  with  mercury,  and  an  amalgam  of 
prold  and  mercury  is  formed.  The  gold  is  then  recovered 
by  distilling  off  the  mercury.  In  a  jig,  the  gold  is  agi- 
tated in  water  and  separated  from  lighter  material  by 
a  vertical  pulsating  motion,  whereas  concentrating  tables 
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American  Smelting  and  Refining  Company 

SELBY  SMELTING  WORKS 

Selby,  California 


PURCHASE  SCHEDULE 


DATE  EFFECTIVE:  January  31,  1956 


Shipper 


Address 


Mine 


Character  Ore 


GOLD  -  SILVER 

OttES  AND  CCNCEN'niATES 


Location 


H.  R.  Station 


The  following  purchase  terms  are  subject  to  the  General  Clauses  shown  on  the  back  of  this  sheet,  and  are  subject  to 
prompt  acceptance.  Unless  sliipments  are  begun  within  30  days  this  quotation  is  automatically  cancelled. 

TONNAGE:       Limited  to...,....iwQ.,.'.f.„..|..tons  per  month  except  by  special  arrangement. 

DELIYEBY:     F.O.B.  unloading  binai  American  Smelting  and  Refining  Company,  Selby,  California. 


OOLD: 


SILYER: 


'>v'^<i- 


PAYMENTS 


If  .03  of  a  troy  ounce  per  dry  ton  or  over  and  less  than  5.00  ounces,  pay  for  91.14% ;  if  5.00  ounces  per  dry  ton  or 
over  and  less  than  10.00  ounces,  pay  for  92.57%;  if  10.00  ounces  per  dry  ton  or  over  and  less  than  15.00  ounces,  pay 
for  93.28%;  and  if  15.00  ounces  per  dry  ton  or  over  pay  for  94.0%  at  the  net  price  per  ounce  paid  by  the  United 
States  Mints  for  gold  recovered  from  domestic  mine  production  on  the  15th  day  following  the  date  of  delivery  of 
product  at  Buyer's  Plant.  Nothing  paid  for  gold  if  assaying  less  than  .03  of  a  troy  ounce  per  dry  ton. 

Pay  for  95%  at  the  average  Handy  &  Harman  New  York  silver  quotations  for  the  calendar  week  including  date  of 
delivery  of  the  last  car  of  each  lot  at  plant  of  Buyer  or  at  the  realized  Mint  price  if  higher,  provided  silver  qualifies 
for  Government  purchase  and  affidavit  is  furnished.  In  case  Handy  &  Harman  shall  discontinue  publishing  quotations 
for  silver  then  the  New  York  quotations  for  silver  as  published  by  the  Engineering  and  Mining  Journal  shall  govern. 

Minimum  deduction  one  Troy  ounce  per  dry  ton. 


BASE 
CHABOE: 


INSOLUBLE: 


No  payment  will  be  made  tor  any  metal  or  content  except  as  above  specified. 

DEDUCTIONS 

$    8»50  per  net  dry  ton  of  2,000  pounds;  provided  the  sum  of  payments  for  gold,  silver 

does  not  exceed  $  20»00  per  ton.  Add  to  the  base  charge       10         percent  of  the  excess  over 

%   20.00  to  a  maximum  charge  of  %  i5»00  per  dry  ton. 

Allow       all  units  free;  charge  for  excess  at  cents  per  unit,  fractions  in  proportion. 

ARSENIC,  ANTIMONY 

AND  TIN  COMBINED:    1%  free.  Excess  charged  at  50c  per  unit,  fractions  in  proportion. 

ZINC:  7%  free.  Elxcess  charged  at  30c  per  unit,  fractions  in  proportion. 

BISMUTH:         Charge  for  all  at  50c  per  pound,  fractions  in  proportion. 

MOISTURE :      A  minimum  deduction  of  1%  will  be  made  from  wet  weight ;  when  over  1%  contained,  actual  moisture  will  be  deducted. 

Moisture  to  excess  of  10%  will  be  charged  at  10c  per  unit,  fractions  in  proportion. 

See  Clause  1  on  reverse  side  of  this  schedule. 


TAXES: 

SHIPMENT: 

FREIGHT: 


The  rates  quoted  are  based  upon  shipment  in  solid  or  flat  dump  bottom  gondola  equipment.  Extra  unloading  charge 
of  75c  per  dry  ton  will  be  assessed  for  products  received  in  box  cars  or  hopper  bottom  gondolas,  and  actual  cost  of 
unloading  products  received  by  truck. 

All  railroad  freight  and  delivery  charges  for  account  of  shipper.  Deduct  from  settlement,  freight  and  other  advances 
made  by  Buyer. 


CONSIGN  ALL  SHIPMENTS  TO  THE  AMERICAN  SMELTING  AND  REFINING  COMPANY,  SELBY,  CALIFORNIA,  AND 
MAIL  ORIGINAL  BILL  OF  LADING  AND  LETTERS  WITH  INSTRUCTIONS  FOR  MAKING  PAYMENT  TO  OUR  SAN 
FRANCISCO  OFFICE,  405  MONTGOMERY  STREET. 


AMERICAN  SMELTING  AND  REFINING  COMPANY 

Figure  4.     Gold  and  silver  ores  and  concentrates  purchase  schedule  of  the  American  Smelting  and  Refining  Company,  Selby  smelter. 

Courtesy  American  Smelting  and  Refining  Company. 
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FiGUEE  5.     Chart  showing  production  of  gold  in  California,  1848- 
1953,  and  total  United  States  production,  1857-1953. 

recover  gold  by  a  horizontal  shaking  motion.  In  some 
of  the  larger  mills,  the  concentrate  and  tailing  or  the 
tailing  alone  are  treated  by  cyanidation.  In  this  process, 
sodium  cyanide  solution  is  added  to  gold-bearing  ma- 
terials and  the  gold  is  dissolved.  It  then  is  recovered 
from  the  solution  by  precipitation. 

Concentrates  usually  are  shipped  to  a  smelter.  The 
smelter  nearest  to  most  gold  mines  in  California  is  that 
of  the  American  Smelting  and  Refining  Company  at 
Selby,  although  gold  ores  and  concentrates  have  been 
shipped  to  other  smelters  in  Arizona  and  Utah.  The 
Selby  smelter  purchases  gravity  and  flotation  concen- 
trates as  well  as  impure  dredge  gold,  cyanide  precipi- 
tates, scrap  gold,  and  some  high-grade  ore.  An  open 
purchase  schedule  for  gold  and  silver  ores  and  concen- 
trates of  the  Selby  smelter  effective  January  31,  1956 
is  reproduced  in  figure  4.  This  schedule  is  subject  to 
change  without  notice,  so  potential  shippers  should  check 
with  the  smelter  before  shipment  is  made.  A  few  of 
the  larger  mines  purchase  ores  and  concentrates  from 
other  mines.  This  procedure  has  been  very  helpful  to 
the  operators  of  small  mines  in  the  area,  as  it  saves  them 
the  trouble  and  expense  of  erecting  a  mill  for  the  treat- 
ment of  small  lots  of  ore  or  the  expense  of  shipping  ore 
great  distances  to  a  smelter. 

A  person  who  wishes  to  put  into  production  an  in- 
active gold  mine  or  an  undeveloped  gold  deposit  is  faced 
with  a  difficult  problem,  as  the  price  of  gold  is  the  same 
as  before  World  War  II  while  labor  and  material  costs 
have  increased  greatly.  Consequently  most  gold  deposits 
mined  profitably  during  the  1930 's  and  early  1940 's  are 
now  non-commercial.  The  reopening  of  many  mines  is 
further  deterred  by  the  high  cost  of  rehabilitating  and 
dewatering.  Moreover,  the  small  operator,  who  wishes  to 
make  use  of  a  nearby  mill,  either  on  a  custom  basis  or 
by  selling  his  ore  to  the  operator  of  such  a  mill,  now  has 
at  his  disposal  a  much  smaller  number  of  mills  than 
before  World  War  II.  The  few  mills  now  active  in  Cali- 
fornia are  largely  in  the  Grass  Valley,  Alleghany,  and 
East  Belt  areas  of  the  Sierra  Nevada. 

History  of  Production.  As  early  as  1775,  small 
amounts  of  placer  gold  were  produced  by  Mexicans  from 
the  area  around  the  Colorado  River  and  from  lode  de- 
posits in  the  Cargo  Muchacho  Mountains.  In  1828,  gold 
was  discovered  at  San  Isidro,  San  Diego  County.  For  a 


period  of  about  20  years  following  1838,  placer  gold  was 
produced  in  the  Newhall  area  of  Los  Angeles  County. 

Gold  mining  did  not  become  a  major  industry  in  the 
state  until  after  James  W.  Marshall's  discovery  at 
Coloma  on  the  American  River  in  1848.  The  large  out- 
put of  gold  from  the  rich  virgin  placers  during  the  fol- 
lowing few  years  had  a  profound  effect  on  the  United 
States  and  on  the  development  of  California.  In  1852, 
these  deposits  yielded  more  than  $81,000,000  worth  of 
gold,  which  was  more  than  60  percent  of  the  world  pro- 
duction for  that  year  (Joslin,  1945,  p.  122).  Although 
the  annual  production  declined  to  less  than  $20,000,000 
in  the  late  1860 's,  gold  continued  to  be  the  state's  lead- 
ing metal. 

Hydraulic  mining,  introduced  in  1852,  yielded  most 
of  California's  gold  production  from  the  late  1860 's  until 
1884  when  a  court  decree,  known  as  the  Sawyer  decision, 
severely  curtailed  hydraulic  mining  by  prohibiting  the 
dumping  of  debris  in  the  Sacramento-San  Joaquin  River 
systems.  In  the  1880 's  and  1890 's,  extensive  drift  mining 
of  buried  auriferous  channels  partly  compensated  for 
the  loss  of  placer  gold  production  by  hydraulicking. 

Lode  mining  in  California  began  on  a  small  scale  about 
1850  and  became  widespread  in  the  late  1860 's.  Many  of 
the  major  improvements  in  mining  and  milling  methods 
were  originally  developed  in  these  early  mines.  Stamp 
mills  replaced  the  arrastre.  Concentrating  devices  such 
as  vanners  and  tables  and  the  cyanidation  process  were 
introduced  which  lowered  milling  costs  and  increased 
recovery.  Thus  material  formerly  discarded  as  waste 
could  be  considered  ore.  From  1884  to  1918,  lode  mines 
were  the  chief  source  of  gold  in  California. 

Floating  bucket-line  dredges,  which  were  introduced 
in  California  from  New  Zealand  in  1898,  became  highly 
productive  and  continue  to  be  so.  They  are  now  the 
principal  source  of  placer  gold  in  California.  Dragline 
dredges  and  washing  plants  were  important  sources  of 
gold  in  the  1930 's. 

The  gold  production  curve  for  California  shows  a 
series  of  fluctuations  (fig.  5).  "Boom"  periods  are 
always  unfavorable  for  gold  mining  as  labor  and  mate- 
rials become  expensive,  but,  as  the  price  generally 
remains  fixed,  the  higher  operating  costs  cannot  be 
covered.  From  a  negligible  production  in  1848,  the  out- 
put from  the  rich  virgin  surface  placers  jumped  in  value 
to  over  $81,000,000  in  1852,  an  all  time  high.  These  were 
rapidly  depleted,  and  by  1865,  annual  production  had 
fallen  to  $17,000,000,  and  production  leveled  off  until 
1873  when  the  demonetization  of  silver  caused  anotlier 
drop.  The  Sawyer  decision  against  hydraulic  mining 
caused  production  to  decrease  again  after  1884,  but  it 
gradually  rose  during  the  period  1900  to  1918  when  gold 
dredging  became  widespread.  During  World  War  I  and 
the  prosperity  of  the  1920 's,  rising  costs  caused  another 
decline. 

During  the  depression  that  began  in  1929,  gold  pro- 
duction increased,  first  slowly,  and  then  sharply  when 
gold  was  revalued  from  $20.67  to  $35  an  ounce.  In  1939, 
and  again  in  1940,  the  total  annual  production  exceeded 
$50,000,000,  the  highest  figures  since  1856.  At  the  begin- 
ning of  World  War  II,  gold  production  fell  because  of 
high  wages  and  scarcity  of  materials.  Further  restric- 
tions by  the  promulgation  of  War  Production  Board 
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FiGUKE  6.  Percentage  of  total  California  gold  produced  at  lode 
and  placer  mines  and  by  various  methods  of  placer  mining  1850- 
1950.  (After  U.  8.  Bureau  of  Mines  Minerals  Yearbook,  1950,  p. 
11,19.) 

Order  L-208  on  October  8,  1942,  caused  production  to 
drop  to  less  than  $5,000,000  in  1944. 

The  order  was  lifted  on  July  1,  1945,  and  gold  pro- 
duction rose.  Gold  dredging  was  resumed  on  a  scale 
nearly  equal  to  that  before  the  war.  However,  many  of 
the  important  lode  mines  remained  closed. 

From  1947  to  1953  gold  production  in  California  fol- 
lowed a  diminishing  trend.  However,  since  1953,  it  has 
increased  slightly.  The  estimated  output  for  1955  is 
250,000  troy  ounces  valued  at  $8,767,500.  In  1954,  the 
output  was  237,886  troy  ounces  valued  at  $8,326,010. 
Yuba  County  ranked  first  in  1954  with  an  output  of 
$2,378,460.  This  production  was  largely  from  the  Yuba 
Consolidated  Gold  Fields'  bucket-line  dredges  in  the 
Yuba  River  district  near  Hammonton.  The  five  dredges 
of  the  Natomas  Company  south  of  Folsom  contributed 
most  of  the  output  of  $2,165,310  in  Sacramento  County, 
the  second  most  productive  county  in  1954.  Nevada 
County  ranked  third  with  a  production  of  $1,985,060. 
Much  of  this  production  was  from  the  two  large  lode 
mines  at  Grass  Valley,  the  Empire  Star  group  owned  by 
Empire  Star  Mines,  Ltd.  and  the  Brunswick  mine  owned 
by  the  Idaho-Maryland  Mines  Corporation.  Siskiyou 
County  was  fourth  in  1954  with  an  output  of  $488,985, 
the  Siskon  mine  near  Happy  Camp  being  a  major  source 
of  gold.  Sierra  County,  which  was  in  fifth  place,  had  an 


output  of  $468,405.  This  was  largely  from  lode  mines  in 
the  Downieville-Alleghany  area,  especially  the  Original 
sixteen  to  one  and  Brush  Creek  mines. 

Other  sources  of  gold  in  1954  included  lode  mines  in 
Calaveras,  El  Dorado,  and  Kern  Counties,  a  bucket-line 
dredge  in  Trinity  County,  and  by-product  gold  from 
base  metal  and  tungsten  ores  in  Amador,  Calaveras, 
Inyo,  and  San  Bernardino  Counties. 
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FicrRE  7.  Old  Eureka  shaft,  Central  Eureka  gold  mine  on  the 
Jlother  Lode,  Sutter  Creek,  Amador  County.  This  mine  has  a  total 
gold  output  valued  at  more  than  36  million  dollars.  It  was  worked 
to  an  inclined  depth  of  4200  feet.  Photo  hy  T.  Calvert  Slater. 


^'^^m^' 


Figure  8.  Natomas  Company  gold  dredge,  American  River  dis- 
trict near  Folsom,  Sacramento  County,  California.  The  dredge  pic- 
tured above  treats  several  million  cubic  yards  of  gold-bearing  gravel 
each  year. 
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I'll. I  Ki.  lo.  One  of  the  badland  areas  just  south  of  sugarloaf, 
part  of  the  Cherokee  hydraulic  mine.  The  white  gravel  so  well 
exposed  in  this  photograph  was  rather  poor  in  gold.  Pay  streaks 
were  few  and  most  of  the  quartz  gravel  contained  only  a  few  cents 
per  yard  of  gold.  Much  of  the  gold  is  reported  to  have  come  from 
iron-oxide-cemented  crusts  at  the  base  of  and  scattered  within  the 
white  gravel  section.  Photo  hy  Mort  D.  Turner. 

Lindgren,  W.,  1911,  The  Tertiary  gravels  of  the  Sierra  Nevada 
of  California:  U.  S.  Geol.  Survey  Prof.  Paper  73. 

Logan,  C.  A.,  1935,  Mother  Lode  gold  belt  of  California :  Cali- 
fornia Div.  Mines  Bull.  108. 

Logan,  C.  A.,  1936,  Gold  mines  of  Placer  County :  California 
Div.  Mines  Kept.  32,  pp.  7-96. 

Logan,  C.  A.,  1941,  Mineral  resources  of  Nevada  County :  Cali- 
fornia Div.  Mines  Rept.  37,  pp.  374-408. 

Logan,  C.  A.,  1950,  Gold:  California  Div.  Mines  Bull.  156,  pp. 
309-315. 

O'Brien,  J.  C,  1949,  Mines  and  mineral  resources  of  Butte 
County :  California  Div.  Mines  Rept.  48,  pp.  135-179. 

Ransome,  F.  L.,  1897,  U.  S.  Geol.  Survey  Atlas,  Mother  Lode 
district  folio   (No.  63). 


fc^Kfcj 


V 


i'lOUBE  11.  A  typical  face  in  the  Cherokee  hydraulic  mine  ar 
Cherokee,  Butte  County,  camera  facing  west  across  Sawmill 
Ravine.  Piles  of  greenstone  gravel  tailings  from  the  lowermost 
channel  deposits  are  piled  in  the  foreground.  Most  of  the  gold  re- 
covered apparently  came  from  these  gravels  and  only  a  minor 
amount  from  the  150-foot-thick  section  of  white  gravels  which  sTiow 
through  the  talus  cones  in  the  right  middle  ground.  Above  the  white 
gravel  is  about  200  feet  of  red  kaolinite  clay  and  the  sediments  are 
capped  by  150-200  feet  of  basalt.  Photo  by  Mort  D.  Turner. 
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GRAPHITE 

By  Gordon  B.  Oakeshott 


Graphite  is  widely  distributed  in  pre-Cretaceous  meta- 
morphic  rocks  throughout  California,  but  the  owners  of 
graphite  deposits  in  the  state  have  had  difficulty  in  meet- 
ing competition  provided  by  the  higher  quality  imported 
material.  Prom  1865  to  1935,  graphite  was  produced 
spasmodically,  chiefly  from  Tuolumne,  Sonoma,  and  Los 
Angeles  Counties,  but  no  production  has  been  recorded 
since.  The  total  yield  of  these  deposits  is  estimated  to  be 
about  1,500  tons,  valued  at  $137,000.  Graphite  consumed 
in  California  is  mostly  the  amorphous  variety,  obtained 
mainly  from  Mexico;  the  erj^stalline  flake  variety  used 
is  largely  imported  from  Madagascar. 

Mineralogy  and  Geologic  Occurrence.  The  mineral 
graphite,  also  called  plumbago,  is  a  crystalline  form  of 
pure  carbon  and  is  characterized  by  softness,  perfect 
basal  cleavage,  and  greasy  feel.  A  commercial  distinction 
made  between  "amorphous"  and  "crystalline"  graphite 
is  based  solely  on  relative  grain  size ;  the  ' '  amorphous 
variety  is  the  finer  grained.  The  grades  and  specifications 
of  graphite  used  in  industry  are  complex  and  involved. 
Particles  of  crystalline  flake  graphite  may  be  as  large  as 
8-mesh ;  particles  of  artificial  graphite  in  coUodial  disper- 
sions may  be  only  5  millionths  of  an  inch  in  diameter. 

Much  graphite  has  been  formed  by  the  metamorphism 
of  carbonaceous  sediments,  including  coal,  with  result- 
ant crystallization  of  the  carbon.  Such  graphite  occurs 
in  schists  and  gneisses  of  sedimentary  origin.  However, 
some  is  associated  with  intrusive  igneous  rocks,  and 
with  pegmatites;  these  occurrences  strongly  suggest  an 
igneous  origin.  The  mineral  is  also  a  constituent  of  me- 
teorites. 

Graphite  occurs  in  nearly  every  country  in  the  world 
but  most  of  the  graphite  consumed  in  the  United  States 
has  come  from  Ceylon,  Madagascar,  Mexico,  and  Can- 
ada. Ceylon  amorphous  graphite  occurs  in  veins,  from 
a  fraction  of  an  inch  to  several  feet  in  thickness,  which 
were  formed  along  fracture  planes  in  crystalline  rocks. 
Mining  has  been  by  underground  methods.  The  crystal- 
line flake  graphite  of  Madagascar  is  disseminated  in  meta- 
morphic  rocks  which  carry  5  to  10  percent  graphite. 
Formerly  mined  by  hand  methods,  it  is  now  produced 
from  open  pits  using  modern  earthmoving  equipment  ob- 
tained from  the  United  States.  The  only  active  (1955) 
mining  and  milling  operation  in  North  America  produc- 
ing crystalline  flake  graphite  is  at  Burnet,  Texas,  in  the 
Llano  Uplift  area.  There  the  graphite  occurs  as  fine 
flakes  in  pre-Cambrian  schist.  It  has  been  marketed 
largely  for  use  in  crucibles  and  foundry  facings.  Mexi- 
can amorphous  graphite,  from  Sonora,  occurs  as  beds 
of  metamorphosed  coal,  as  much  as  24  feet  thick.  The 
high  grade  of  ore  (average  80-85  percent  graphite), 
thickness  of  beds,  and  thickness  of  overburden  make 
underground  mining  necessary  and  economic. 

Localities  in  California.  Graphite  in  California,  all 
of  the  amorphous  variety,  occurs  in  schists  and  gneisses 
most,  if  not  all,  of  which  are  of  sedimentary  origin.  Al- 
though the  graphite  schists  are  certainly  pre-Cretaceous 
in  age,  many  of  the  age  assignments  given  to  specific 
occurrences  are  uncertain  and  have  ranged  from  pre- 


Cambrian  to  Upper  Jurassic.  In  Los  Angeles  County, 
where  graphite  has  been  .mined  at  several  places,  it 
occurs  in  crystalline  limestone,  quartzite,  and  feldspar- 
sillimanite-tremolite  schists,  all  of  which  are  metamor- 
phosed sedimentary  rocks  intruded  by  granitic  plutonic 
rocks.  Quartz-graphite  schist  and  other  graphitic  schists 
are  common  in  the  belt  of  pre-Franciscan  schists  south 
of  Crick,  in  Humboldt  County. 

A  third  of  the  counties  of  California,  chiefly  in  the 
Sierra  Nevada,  Klamath  Mountains,  Coast  Ranges,  and 
Transverse  Ranges  provinces,  contain  graphite  schists 
which  have  been  prospected,  but  the  small  production 
has  come  almost  entirely  from  Tuolumne,  Mendocino, 
Sonoma,  and  Los  Angeles  Counties. 

The  first  graphite  mined  in  California  was  probably 
that  reported  by  J.  Ross  Browne  (1868)  from  Tuolumne 
County.  The  Eureka  plumbago  mine  was  discovered  in 
that  county  in  1853  and  exported  to  Europe  nearly  all 
of  the  production  of  500  tons  which  was  mined  between 
1865  and  1867.  Estimated  value  was  $100  per  ton.  Early 
operations  also  included  one  fifteen  miles  east  of  Pt. 
Arena,  Mendocino  County,  and  another  4  miles  south 
of  Petaluma,  Sonoma  County  (Anbury,  1906)  ;  the  lat- 
ter was  opened  in  1894.  In  these  two  the  graphite  occurs 
in  metasedimentary  schist  of  the  Jurassic  ( ?)  Franciscan 
group.  The  graphite  was  used  in  San  Francisco  in  the 
manufacture  of  paint,  as  a  lubricant,  and  in  foundry 
facings. 

In  Los  Angeles  County  several  graphite  schist  occur- 
rences have  been  worked.  A  deposit  in  the  Sierra  Pelona 
near  the  head  of  San  Franscisquito  Creek  was  worked 
at  intervals  for  more  than  25  years  prior  to  1931  (Simp- 
son, 1934).  This  deposit  is  part  of  the  pre-Cretaceous 
Pelona  schist.  A  maximum  daily  output  of  10  tons  of 
graphite  was  mined  and  milled.  Three  samples,  analyzed 
by  the  United  States  Geological  Survey,  ranged  from 
7.29  to  17.48  percent  graphite  (Tucker,  1920,  p.  319). 
The  plant  operated  continuously  from  1918  to  1920  and 
supplied  some  of  the  local  needs  for  foundry  facings, 
paint,  and  lubricants. 

A  deposit  on  the  north  slope  of  the  Verdugo  Hills, 
2i  miles  northwest  of  Montrose,  was  known  as  early  as 
1889  and  graphite  was  mined  here  in  1920.  This  deposit 
and  others  in  Los  Angeles  County  were  discussed  by 
Beverly  (1934).  Deposits  in  upper  Kagel  Canyon  (on 
the  divide  between  Kagel  and  Limerock  Canyons)  and 
several  in  Pacoima  Canyon  and  vicinity  were  described 
by  Oakeshott  (1937)  who  included  a  petrographic  de- 
scription of  the  metasedimentary  graphitic  schists  and  a 
geologic  map  of  the  area.  The  graphite  in  Kagel  Canyon 
formed  by  metamorphism  of  the  Placerita  sedimentary 
formation  (Paleozoic  ?),  remnants  of  which  remain  as 
crystalline  limestone,  quartzite  and  various  more-or-less 
graphitic  schists.  At  least  two  periods  of  metamorphism 
and  intrusion  are  represented  by  the  presence  of  pre- 
Jurassic  hornblende  diorite  gneiss  and  Upper  Jurassic 
(?)  or  Cretaceous  (?)  granite  and  granodiorite.  A  50- 
ton  concentration  miU  was  constructed  at  the  Kagel 
deposit  and  produced  small-flake  graphite  between  1918 
and  1928.  The  crude  graphite-bearing  rock  contains  7 
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to  15  percent  graphite  in  flakes  less  than  0.25  millimeter 
in  diametei-. 

Milling.  Amorphous  graphite  is  generally  ground, 
and  coarse  impurities  are  removed,  without  previous 
concentration.  The  deposits  of  amorphous  graphite  in 
Sonora,  Mexico,  are  so  high-grade  as  to  make  concentra- 
tion unnecessarj\  If  amorphous  graphite  requires  concen- 
tration it  is  generally  not  worth  mining.  Ceylon  amor- 
phous lump  graphite  is  concentrated  by  hand  methods. 
Crystalline  flake  graphite,  like  that  of  Madagascar,  must 
be  concentrated  to  make  an  acceptable  product.  Flakes 
are  kept  as  large  as  possible  during  milling  as  the  coarser 
material  commands  a  premium  price.  Graphite  can  be 
readily  floated,  but  a  high-grade  product  is  difficut  to  ob- 
tain because,  in  any  grinding  process,  graphite  tends  to 
smear  grains  of  gangue  minerals  and  make  them  float- 
able. Repeated  cleaning  is  necessary  to  attain  a  high 
content  of  graphitic  carbon. 

Utilization.  The  most  useful  properties  of  graphite 
are  its  resistance  to  chemical  action  and  the  action  of 
molten  metals,  its  infusibility  (graphite  does  not  melt, 
but  sublimes  at  about  6500°  F),  opacity,  softness,  and 
perfect  cleavage.  Its  most  common  uses  are  in  electrical 
appliances,  "lead"  pencils,  lubricants,  stove  polish, 
paint,  foiindry  facings,  scale-preventative  for  boilers, 
mold  wash  for  steel  mills,  polishes,  and  in  powder 
glazing.  For  some  of  these  uses  both  the  natural  material 
and  artificial  graphite  made  from  coke  are  satisfactory. 

A  larger  tonnage  of  graphite  is  used  in  the  United 
States  for  foundry  facings  (12,000  tons  in  1953:  Lamb 
and  Irving,  1955)  than  for  any  other  purpose.  Its  use 
allows  castings  to  be  easily  removed  on  cooling  because 
the  graphite  gives  the  surfaces  of  molds  a  smooth  finish. 
For  this  purpose  amorphous  graphite  is  mixed  with 
clay,  mica,  or  talc,  and  sand,  and  the  mixture  is  pul- 
verized. 

An  important,  although  not  a  large,  use  for  graphite 
is  in  the  manufacture  of  crucibles  used  in  melting  of 
nonferrous  metals  and  alloys.  The  crucibles  used  must 
withstand  temperatures  as  high  as  2800°  F  and  rapid 
changes  from  room  temperature  to  such  highs.  For  this 
purpose,  crystalline  flake  graphite  is  necessary.  Accord- 
ing to  the  Bureau  of  Mines  (Lamb  and  Irving,  1955), 
the  United  States  imports  between  3000  and  4000  tons 
annually.  The  nation  appears  to  be  becoming  less  depend- 
ent on  this  source,  as  carbon-bonded  silicon  carbide- 
graphite  crucibles,  which  contain  less  and  lower-grade 
than  ordinary  crucibles,  are  being  manufactured. 

A  small,  but  critical,  tonnage  of  amorphous  lump 
graphite  (about  1000  tons  annually)  is  imported  from 
Ceylon  for  the  manufacture  of  carbon  brushes  for  elec- 
tric motors.  Graphite  for  this  purpose  must  be  very  free 
of  impurities.  Artificial  graphite  is  unsatisfactory. 

"Lead"  pencils  in  the  United  States  are  made  from 
finely  ground  very  pure  amorphous  graphite  from 
Ceylon  and  Mexico.  No  large  tonnage  is  required,  but 
this  is  an  ancient  and  important  use  of  graphite. 

Consumption  of  natural  graphite  in  the  United  States, 
by  use,  in  order  of  decreasing  amounts  is  in  foundry 
facings,  steel  making,  lubricants,  crucibles,  filler  for  dry 
batteries,  and  lead  pencils.  Among  the  many  other  uses 
of  small  amounts  of  graphite  are  in  paints,  polishes. 
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pump  packings,  bearings,  brake  linings,  furnace  bricks) 
rubber  goods,  adhesives,  roofing  granules,  electrodes, 
powder  metallurgy,  and  as  a  moderator  in  atomic  piles. 

The  graphite  in  the  California  deposits  generally 
occurs  in  flakes  that  are  too  small  to  command  the  best 
prices  paid  for  the  type  of  flake  graphite  that  can  be 
used  in  crucibles  and  refractories.  California  graphite 
is  suitable  for  paints  and  foundry  facings  but  the  low 
grade  and  small  size  of  the  deposits  makes  competition 
with  Mexican  amorphous  graphite  unfavorable. 

Artificial  graphite,  manufactured  from  amorphous 
carbon  at  extremely  high  temperatures  in  the  electric 
furnace,  is  becoming  more  widely  used.  Data  are  not 
available  on  the  relative  amounts  of  artificial  and  nat- 
ural graphite  in  use  but  the  following  quotation  from 
Battelle  Institute  (1956)  summarizes  the  more  interest- 
ing and  pertinent  information  on  developments  in  arti- 
ficial graphite. 

Ix)ng  used  in  electrothermic  and  electrolytic  industries,  graphite 
also  has  unusual  high-temperature  structural  properties.  Because 
of  these  properties,  the  material  is  being  studied  for  possible  use ' 
in  nuclear-power  and  rocket  applications,  and  the  resulting  data  i 
will  enable  design  engineers  to  employ  graphite  In  many  cases 
where  high-temperature  stability  is  required.  Because  of  their 
greater  load-bearing  capacity,  artificial  graphites  are  preferred  for 
many  graphite  applications. 

The  physical  properties  of  artificial  graphite  reflect  its  unusual 
structure  according  to  L.  D.  Loch  of  Battelle.  The  material  is 
composed  of  crystals  that  consist  of  two-dimensional  layer  planes 
stacked  like  playing  cards  in  a  deck  and  while  bonding  within  i 
the  layers  is  very  strong,  bonding  between  the  layers  is  weak.  This 
makes  graphite  stable  at  high  temperatures,  and  yet  the  easy  slip- 
page on  planes  also  makes  it  a  good  lubricant.  The  material  does 
not  melt  at  atmospheric  pressures,  but  sublimes  at  about  6500  P. 
Not  being  resistant  to  oxidation  it  must  be  protected  by  oxidation- 
resistant   coatings. 

The  properties  of  graphite  may  vary  widely  even  within  the  same 
grade.  Bend  strengths  of  different  grades  may  vary  from  1500  to 
4500  psi.  Tensile  strength  is  about  one-half  the  bend  strength, 
while  crushing  strength  is  about  double  the  bend  strength.  The 
material's  strength  increases  with  temperature,  and  at  3000  P  it  is 
one  of  the  strongest  of  materials.  With  a  thermal  conductivity 
approaching  metals  and  with  low  thermal  expansion  and  elastic 
modulus  graphite  has  excellent  resistance  to  thermal  shock. 

The  properties  summarized  above  make  artificial  graphite  highly 
useful  in  a  number  of  fields.  Thus  in  metallurgy  it  is  used  in  dies 
and  molds  in  many  continuous-casting  processes.  Graphite  is  excel- 
lent for  multiple  extrusion  of  aluminum,  and  it  is  employed  for 
crucibles  and  boats  in  the  treatment  of  many  metals,  including 
.semiconductor  materials. 

Graphite  has  helped  to  speed  the  development  of  rockets.  Its 
properties  have  made  it  extremely  valuable  in  combustion  chambers 
and  nozzles  where  it  can  withstand  extreme  temperature  changes, 
and  when  coated,  the  erosive  effects  of  gases  moving  at  very  high 
velocity.  The  material  is  also  widely  used  in  the  construction  ot\, 
nuclear  reactors. 

The  need  for  materials  with  adequate  strength  at  high  tempera-i 
tures    is    one    factor    retarding    the    development    of    these    field8.4 
Artificial  graphite  can   play   an   important   part   in   breaking   thlsi 
bottleneck. 

Production  and  Markets.  The  difficulty  with  whichi 
producers  of  domestic  graphite  compete  with  imported 
or  artificial  graphite  is  suggested  by  the  small  number 
of  United  States  producers  (three  in  1953:  Lamb  and 
Irving,  1955),  as  well  as  by  California's  lack  of  produc- 
tion since  1935.  The  U.  S.  S.  R.  yields  large  quantities, 
but  does  not  release  statistics.  The  low  quality  of  the 
graphite  in  most  deposits  in  the  United  States,  the  small 
tonnage  of  any  one  grade  of  graphite  consumed,  and 
ample  world  supply  are  the  principal  causes  of  the  small- 
ness  of  the  United  States  production. 


Graphite — Oakeshott 


22fl 


Production  of  natural  graphite  in  the  United  States 
has  ranged  from  4,000  to  10,000  tons  annually  in  recent 
years,  while  imports  have  been  between  26,000  and  54,000 
tons  annually. 

Strategic  minerals  to  be  stockpiled  in  the  United 
States  now  include  crucible-grade  crystalline  flake 
graphite.  The  federal  government  purchased  high-carbon 
amorphous  lump  graphite  from  Ceylon  for  the  stockpile 
in  1955.  In  1955,  crucible-grade  graphite  was  still  eligible 
for  a  50  percent  Government  loan  under  the  Defense 
Minerals  Exploration  Administration  program. 

Prices  paid  for  graphite  vary  greatly  with  the  form 
and  quality,  as  shown  by  the  following  summary  of  re- 
cent prices  f.o.b.  New  York,  quoted  by  the  Oil,  Paint 
and  Drug  Reporter  for  November  21,  1955,  and  by  the 
U.  S.  Bureau  of  Mines  (1955). 

Imported  amorphous,  natural,  up  to  85%  C, 

bgs.,  lb. .|0.06-09i 

Crystalline  88-90  percent  C,  powd.,  bgs.,  lb 0.19-21  i 

Flake  No.  1,  90-95  percent  C,  bgs 0.29-31 

Madagascar,  c.i.f.  New  York,  standard  grades, 

85-87%   C,  ton 235. 

Amorphous,  Mexican,  f.o.b.  point  of  shipment, 

metric  ton 9-16 

Purchasers  of  graphite  in  California  are  Pacific 
Graphite  Company,  40th  and  Linden  Streets,  Emery- 
ville, and  416  W.  8th  Street,  Los  Angeles,  and  Los  An^ 
geles  Chemical  Company,  4545  Ardine  Street,  South 
Gate.  Pacific  Graphite  Company  imports  a  few  hundred 
tons  of  graphite  a  year  from  Mexico,  Ceylon,  Bavaria, 
and  Kenya ;  a  very  little  artificial  graphite  is  also  used. 
The  company  does  no  refining  but  grinds  and  blends  the 
various  grades  of  graphite  to  make  products  used  princi- 
pally in  paint  pigments  and  foundry  facings.  Los  An- 
geles Chemical  Company  imports  a  few  carloads  a  year 


of  amorphous  graphite  from  Mexico ;  no  artificial  graph- 
ite is  used.  Both  companies  are  interested  in  purchasing 
carload  lots  only  of  82  percent,  or  better,  amorphous 
graphite  and  smaller  amounts  of  amorphous  lump  and 
flake  graphite  now  imported.  No  California  deposits  have 
been  found  which  can  meet  either  of  these  i-equirements. 
As  an  example  of  transportation  costs,  ijTaphite  can 
be  shipped  by  rail  from  Burnet,  Texas,  to  Los  Angeles 
for  $1.77  cwt.,  minimum  60.000  lbs. 
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The  1953  production  of  gypsum  in  California  was 
1.199,489  short  tons  valued  at  $2,855,983,  which  was 
about  10  percent  of  the  United  States  production  of 
irypsum.  Rock  gypsum  is  mined  in  the  Little  Maria 
Alountains,  Riverside  County ;  the  Fish  Creek  Mountains, 
Tinperial  County;  and  near  Cuyama  Wash,  Ventura 
County.  Large  tonnages  of  gypsite  are  mined  in  the 
southwestern  part  of  the  San  Joaquin  Valley.  Not  in- 
cluded in  the  production  figures  is  the  synthetic  gypsum 
produced  from  salt  works  bittern  as  a  by-product  of 
magnesia  manufacture.  (See  the  section  on  magnesium 
and  magnesium  compounds  in  this  volume.) 

Although  there  are  large  undeveloped  gypsum  deposits 
ill  California,  200,000  to  300,000  tons  a  year  of  raw 
•jypsum  and  finished  gypsum  products,  aided  by  favor- 
able transportation  costs,  are  brought  into  the  state.  Raw 
izypsum  comes  by  ship  from  San  Marcos  Island  in  the 
(Julf  of  California;  raw  gypsum  and  gypsum  products 
i-ome  by  rail  from  Nevada. 

MINERALOGY  AND  GEOLOGY 

Gypsum  is  the  natural  calcium  sulfate  hydrate 
('aS04"2H20.  Most  commercial  gypsum  is  a  massive 
material  which  contains  a  minimum  of  90  percent  of  the 
mineral  and  is  known  as  rock  gypsum.  Gypsite,  formerly 
■ailed  gypsum  earth,  consists  of  gypsum  mixed  with 
sand  or  clay  in  earthy,  fine-grained  deposits  and  is  also 
important  commercially.  Most  commercial  gypsite  con- 
lains  from  50  to  70  percent  gypsum.  Other  less  common 
\arieties  of  gypsum  are  the  platy,  transparent  type 
Iviiown  as  selenite,  the  fibrous  type  known  as  satin  spar, 
and  the  massive  white,  sometimes  translucent  type 
known  as  alabaster.  Gypsum  is  commonly  associated  with 
anhydrite  (CaS04),  a  mineral  of  little  present  commer- 
■ial  value. 

Several  additional  calcium  sulfate  substances  can  be 
prepared  in  the  laboratory  by  calcining  gypsum  under 
controlled  conditions.  These  include  two  forms  of  the 
liemihydrate  (CaS04-4H20)  and  two  forms  of  soluble 
anhydrite  which  may  contain  as  much  as  one  percent 
lloO.  These  dehydration  products  can  be  easily  rehy- 
il  rated.  All  four  may  form  in  the  commercial  calcining 
l<(^ttle  and  therefore  are  of  more  than  theoretical  interest. 

Most  natural  calcium  sulfate  minerals  form  through 
I  lie  evaporation  of  sea  or  saline  lake  waters,  but  some 
also  occur  in  hydrothermal  veins,  in  near-surface  veins 
I'ormed  by  deposition  from  ground  water,  and  as  replace- 
ments of  limestone.  In  saline  deposits,  at  least  part  of  the 
calcium  sulfate  is  believed  to  have  originally  precipi- 
tated as  anhydrite  and  to  have  been  altered  to  gypsum 
liy  the  action  of  ground  water. 

Gypsite  forms  only  in  regions  of  little  rain  and  fast 
evaporation.  Calcium  sulfate-bearing  ground  water  is 
'Irawn  upward  by  capillary  action,  and  small  gypsum 
crystals  form  at  or  close  to  the  surface.  On  the  west  side 
of  the  San  Joaquin  Valley  of  California,  most  of  the 
Tertiary  formations  contain  gypsum  along  fractures  or 
as  part  of  the  cement  of  sandstones. 

In  California  the  rock  gypsum  deposits  that  have  been 
worked  are  in  Tertiary  non-marine  sedimentary  rocks 


and  in  mildly  metamorphosed  pre-Cretaceous  rocks. 
Most  of  the  gypsite  mined  in  California  is  obtained  from 
Recent  surficial  deposits.  A  playa  deposit  of  Quaternary 
age  at  Bristol  Lake,  San  Bernardino  County,  was  worked 
from  1906  to  1925;  it  was  the  largest  single  source  of 
gypsum  in  California  during  that  period. 

Quaternary  Deposits.  Recent  deposits  of  gypsite  are 
mined  at  several  localities  along -the  southwest  margin 
of  the  San  Joaquin  Valley  from  Little  Panoche  Creek  to 
Maricopa;  and  additional  tonnages  are  obtained  from 
the  playa  at  Saltdale,  Kern  County,  and  from  Carrizo 
Plain,  San  Luis  Obispo  County.  In  the  past  gypsite  has 
been  mined  also  from  the  margins  of  old  Kern  Lake  and 
along  Cottonwood  Creek,  Kern  County;  near  Palmdale, 
Los  Angeles  County ;  and  near  Corona,  Riverside  County. 

Three  types  of  gypsite  deposits  have  been  recognized 
in  California ;  those  that  form  caps  on  upturned  gypsif- 
erous  beds,  those  that  occur  along  the  margins  of  peri- 
odic lakes,  and  those  that  have  formed  in  the  beds  of  dry 
washes.  The  gypsite  that  has  formed  on  the  outcrops  of 
gypsiferous  rocks  is  called  "cap  gypsum."  Probably 
most  of  the  deposits  are  of  this  type.  Gypsite  is  derived 
from  the  Maricopa  shale  (ui)per  Miocene)  and  Tulare 
formation  (Pleistocene)  at  McKittrick,  the  Paso  Robles 
formation  (Plio-Pleistocene)  at  Kettleman  Hills,  the 
Tejon  formation  (Eocene)  near  Coalinga,  the  Vaqueros 
formation  (lower  Miocene)  at  Tumey  Gulch,  the  Kreyen- 
hagen  formation  (Eocene  and  Oligocene)  near  Ortigalita 
Creek,  and  the  Domengine  formation  (Eocene)  in  the 
Panoche  Hills. 

Cap  gypsum  deposits  closely  follow  the  present  sur- 
face, although  the  overburden  is  thin  or  lacking  on  the 
upper  parts  of  hillsides  and  thicker  toward  their  bases. 
The  bottom  contact  of  some  deposits  is  sharp,  bvit  the 
gypsite  ordinarily  grades  into  the  underlying  material. 
Examples  include  some  of  the  deposits  at  McKittrick, 
the  idle  Carissa  mine  in  Carrizo  Plain,  the  Griffin  deposit 
at  Tumey  Gulch,  and  the  Valley  View  deposit  in  the 
Panoche  Hills. 

The  gypsite  deposits  along  the  margins  of  periodic 
lakes  are  efflorescent  deposits  derived  from  ground  water 
in  the  soil.  The  lake  water  itself  may  never  have  been 
saturated  with  gypsum.  Gypsite  bodies  thus  formed  are 
irregular  lenses  that  lie  with  a  sharp  contact  on  the  lake 
beds.  Solution  cavities  are  a  characteristic  feature.  The 
deposit  on  the  south  margin  of  old  Kern  Lake,  the  Daly 
deposit  near  Saltdale,  and  probably  H.  M.  Holloway 
Inc. 's  Avenal  Gap  mine  belong  to  this  clas.«. 

The  gypsite  that  has  formed  in  the  beds  of  dry  washes 
is  called  "channel  gypsum"  by  the  miners.  Southwest 
of  McKittrick  two  such  deposits  have  been  worked.  They 
are  long,  narrow  deposits  that  closely  follow  the  present 
dry  washes  and  seem  to  have  formed  in  the  stream  beds 
by  the  evaporation  of  gypsiferous  ground  water.  The 
gypsite  lies  beneath  as  much  as  5  feet  of  slightly  consoli- 
dated sand  and  gravel  containing  shale  fragments.  To- 
ward the  base  the  gypsite  grades  into  gypsiferous  sand 
and  clay,  and  in  places  it  rests  on  creek  gravel  contain- 
ing selenite  fragments  as  much  as  an  inch  long. 
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FifiURF.  1.  Schist  and  gypsrnn,  Little  Maria  Mountains,  River- 
side County.  Coarsely  crystalline  gypsum  of  high  purity  is  asso- 
ciated with  bluish-gray  quartz  biotite  schist. 

The  Lost  Hills  deposits,  operated  by  H.  M.  Holloway, 
Inc.,  are  the  largest  known  gypsite  deposits  in  Califor- 
nia, and  have  features  of  both  the  channel  and  lake- 
margin  types.  Gypsite  bodies  are  scattered  along  the 
southwest  side  of  the  Lost  Hills  for  a  distance  of  5  miles 
and  are  largest  where  existing  washes  cut  through  the 
hills.  Much  of  the  gypsite  occurs  as  fiat-lying  lenses, 
some  as  much  as  20  feet  thick,  in  silty  sand  and  clay. 
Typically  the  gypsite  is  within  3  feet  of  the  surface,  but 
the  overburden  is  as  much  as  10  feet  thick.  Some  gypsite 
bodies  are  elongate  and  occur  in  or  along  the  existing 
washes. 

Information  gained  during  mining  a  very  considerable 
tonnage  of  gypsite  as  well  as  from  a  program  of  drilling 
and  sampling  reveals  that  the  gypsite  deposits  are  com- 
posite bodies  composed  of  several  gypsite  lenses.  Sand 
and  gravel  lenses  are  encountered  as  well  as  pebbles  scat- 
tered through  the  gypsite.  The  gypsite  operator  believes 
that  most  of  the  gypsite  was  laid  down  by  water  as  a 
sedimentary  deposit.  At  some  period  less  arid  than  the 
present,  occasional  floods  of  storm  water  may  have  come 
from  the  Temblor  Range  and  have  been  temporarily 
ponded  on  the  southwest  side  of  the  Lost  Hills,  which 


acted  as  a  barrier.  This  flood  water  may  have  washed 
gypsite  from  the  Temblor  foothills  where  remnants  of 
gypsite  deposits  still  exist.  Probably  most  of  the  floods 
reached  no  farther  than  the  Ijost  Hills  where  they  de- 
posited their  loads  of  gypsite  in  relatively  quiet  water, 
more  or  less  separated  from  non-gypsiferous  material  by 
hydraulic  classification.  Sometimes  water  appears  to 
have  broken  through  the  Lost  Hills,  scouring  channels 
through  deposits  previously  formed  and  distributing 
gypsite  along  the  washes.  Probably  the  amount  of  rain- 
fall was  critical.  With  less  than  the  critical  amount,  gyp- 
site would  not  have  been  carried  as  far  as  the  Lost  Hills ; 
and  with  more,  the  Lost  Hills  barrier  would  not  have 
halted  the  flood  waters. 

Gypsum  in  the  form  of  selenite  crystals  dispersed  in 
mud  occurs  in  Bristol  Lake,  San  Bernardino  County, 
and  in  the  neighboring  Cadiz  and  Danby  Lakes.  Gypsum 
from  Bristol  Lake  supplied  a  large  plaster  mill  at  Amboy 
from  1906  to  1925;  there  has  been  no  production  from 
Cadiz  Lake  or  Danby  Lake. 

Bristol  Lake  is  filled  with  brine-saturated  fine  sedi- 
ments covered  by  a  thin  salty  crust.  In  the  central  part, 
a  bed  of  salt  (sodium  chloride)  permeated  with  a  meager 
amount  of  sodium-calcium  chloride  brine,  lies  Avithin  4 
to  8  feet  of  the  surface.  Deeper  salt  beds  are  known  to 
exist.  Selenite  crystals  and  celestite  nodules  are  found  in 
the  mud  near  the  lake  margins  and  outside  of  the  central 
salt-bearing  area. 

Gypsum  has  been  found  at  or  close  to  the  surface  and 
within  a  mile  of  the  shore  all  around  the  lake,  but  it  is 
most  abundant  on  the  west  and  north  sides.  The  gypsum 
ranges  in  character  from  clean,  white,  granular  material 
to  salty  silt  containing  selenite  crystals.  Some  crystals 
are  as  much  as  an  inch  in  maximum  dimension.  In  the 
areas  being  worked  in  1909,  gypsum  extended  from 
within  a  foot  of  the  surface  to  an  unknown  distance 
below  the  level  of  the  brine  which  was  encountered 
within  8  feet  of  the  surface. 

Danby  Lake,  like  Bristol  Lake,  contains  salt  beds,  but 
the  brine  is  of  the  chloride-sulfate  type.  Lenticular  con- 
centrations of  selenite  crystals  occur  in  the  mud  of  the 
central  salt-bearing  parts  of  the  lake,  as  well  as  along 
the  margins,  and  to  depths  of  at  least  50  feet.  Gypsum 
does  not  occur  in  the  massive  salt  deposits.  The  muds  do 
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Figure  2. 


Selenite  crystals  from  Danby  Lake.  Reprinted  fron 
Division  of  Mines  Bulletin  1GS. 
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FiGrnF,  .■?.     Oeologic  section  through  Fish  Creek  Mountains  gj'psum  deposit,  Imperial  County.  Reprinted  from  Division  of  Mines  BvUclin  IGS. 


contain,  however,  crystals  of  selenite  intimately  mixed 
with  salt  crystals  or,  more  rarely,  mirabilite. 

The  extent  and  character  of  the  gypsum  deposits  in 
Cadiz  Lake  are  not  generally  known. 

Tertiary  Deposits.  Rock  gypsum  deposits  of  Tertiary 
age  include  the  one  worked  by  the  United  States  Gypsum 
Company  in  the  Fish  Creek  Mountains,  Imperial  County. 
This  operation  is  the  largest  gypsum  mine  in  the  state. 
The  deposit,  which  is  at  the  north  end  of  the  Fish  Creek 
Mountains,  is  part  of  a  deposit  that  was  formerly  much 
more  extensive,  but  it  has  been  dissected  by  erosion.  In 
the  mine  area  the  gypsum  beds  have  been  preserved  in  a 
shallow  synclinal  basin  3  miles  long  and  half  a  mile  wide. 
The  beds,  except  for  severe  local  contortions  in  the  gyp- 
sum, dip  uniformly  at  angles  of  from  25°  to  35°  toward 
the  synclinal  axis. 

The  gypsum  is  part  of  a  section  of  Miocene  sedimen- 
tary rocks  that  lies  on  a  pre-Cretaceous  basement  of 
metamorphic  rocks  intruded  by  coarse  gneissic  granite. 
The  gypsum  is  underlain  by  the  Split  Mountain  forma- 
tion which  in  its  lower  part  consists  of  coarse,  arkosic, 
red-weathering  sandstone  with  conglomerate  beds  com- 
posed of  cobbles  of  the  older  rocks.  The  upper  part  is  a 
gray  boulder  conglomerate  with  subordinate  layers  of 
gray,  arkosic  sand.  In  most  places  this  sand  immediately 
underlies  the  gypsum.  Overlying  the  gypsum  is  the  Im- 
perial formation,  which  consists  of  limonite-cemented 
quartz  sand  and  clay.  These  beds  have  been  largely  re- 
moved by  erosion.  Eastward  the  underlying  Split  Moun- 
tain formation  pinches  out  and  is  overlapped  by  the 
gypsum.  Other  large  but  less  accessible  remnants  of  the 
original  deposit  are  known  to  exist  to  the  south,  and 
there  are  extensions  westward  into  San  Diego  County. 

Another  Tertiary  deposit  is  worked  by  the  Monolith 
Portland  Cement  Company  in  Quatal  Canyon  near 
Cuyama  "Wash,  Ventura  County.  This  deposit  consists 
of  a  single  bed  of  massive  brown  gypsum  10  to  30  feet 
thick  that  can  be  traced  for  at  least  7  miles.  The  gypsum 
is  contained  in  the  Quatal  red  cla}%  a  non-marine  facies 
of  the  upper  Miocene  Santa  Margarita  formation.  The 
Blue  Diamond  Corporation  owns  patented  claims  adjoin- 
ing the  Monolith  Portland  Cement  Company's  property 
on  the  northwest. 

A  second  gypsiferous  zone  in  the  Cuyama  Wash  region 
occurs  in  the  middle  Miocene  Caliente  red  beds  south- 
west of  the  Quatal  Canyon  deposit.  It  consists  of  thin 
beds  of  gypsum  and  gypsiferous  beds  from  which  gyp- 
site  deposits  have  been  derived.  Masses  of  alabaster  as 
much  as  10  feet  in  maximum  dimension  occur  in  it.  Ex- 
ploratory work  has  been  done  in  numerous  places,  but 
only  a  small  tonnage  of  gypsum  has  been  shipped.  The 
terrestrial  clays  that  contain  both   groups  of  gypsum 


deposits  grade  into  marine  sediments  northwestward 
along  the  strike ;  to  the  southeast  the  clays  grade  into 
coarse  clastic  sediments  (Dibblee,  T.  W.,  Jr.,  personal 
communication) . 

In  the  northern  foothills  of  the  Avawatz  Mountains, 
San  Bernardino  County,  gypsum,  salt,  and  celestite 
occur  in  Pliocene  ( ?)  lake  beds  in  the  Death  Valley 
fault  zone  near  its  junction  with  the  Garlock  fault  zone. 
The  lake  beds  occur  in  two  roughly  parallel  zones  dis- 
continuously  exposed  for  a  distance  of  about  9  miles. 
They  consist  of  a  gypsum-bearing  unit,  a  salt-bearing 
unit,  and  saline-free  sedimentary  rocks  that  enclose  the 
gypsum  and  salt  beds.  The  gypsum-bearing  unit  consists 
of  600  to  800  feet  of  predominantly  light  tan  colored 
sedimentary  rocks  in  which  gypsum  occurs  as  relatively 
thin  beds  alternating  with  greenish,  gypsiferous  clay. 
Gypsum  beds  are  most  abundant  near  the  base  of  the 
gypsum-bearing  unit  as  interpreted  by  Durrell  (1953, 
p.  17)  and  form  from  a  small  fraction  to  as  much  as 
two-thirds  of  the  lower  50  feet.  Celestite  occurs  in  the 
gypsum-bearing  unit,  particularly  in  the  western  part 
of  the  deposit.  Although  the  gypsum  has  been  well  ex- 
plored, there  has  been  no  production. 

Gypsum  has  been  mined  at  China  Ranch,  San  Ber- 
nardino County,  from  the  upper  I'liocene  ( ?)  China 
Ranch  beds.  The  gypsum  was  obtained  from  a  20-foot 
gypsiferous  zone  composed  of  gypsum  beds  from  6  inches 
to  3  feet  thick  separated  by  as  much  as  3  inches  of  shale. 
The  gypsum  is  white  and  of  medium  grain  size.  The  beds 
dip  as  much  as  25°. 
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FioiiBE  4.  Plioto  showing  a  portion  of  the  t'nited  States  G.vp- 
sum  Company  quarry.  Fish  Creek  Mountains.  The  quarry  face  is 
more  than  100  feet  high.  Gypsum  is  hauled  to  Plaster  City,  where 
it  is  made  into  plaster,  wallboard,  and  other  calcined  gypsum  juod- 
ucts. 
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Figure  5.     Geologic  section  through  Quatal  Canyon  gypsum  deposit,  Ventura  County.  Reprinted  from  Division  of  Mines  Bulletin  163. 


Similar  but  smaller  Tertiary  deposits  are  found  at 
Owl  Hole,  Copper  Canyon  and  Furnace  Creek  in  the 
Death  Valley  area.  Other  Tertiary  deposits,  some  of 
which  have  been  worked,  are  near  Point  Sal,  Santa  Bar- 
bara County;  in  Mint  Canyon,  Ijos  Angeles  County; 
and  on  the  Mule  Shoe  Ranch,  San  Benito  County. 

Pre-Tertiary  Deposits.  Pre-Tertiary  deposits  of  gyp- 
sum occur  in  the  lattle  Maria  Mountains,  Riverside 
County,  where  the  Midland  operations  of  the  United 
States  Gypsum  Company  and  the  Garbutt  and  Orcutt 
deposit  are  located.  The  gypsum  beds  form  part  of  a 
series  of  slightly  metamorphosed  sedimentary  rocks  that 
trends  across  the  range  from  east  to  west,  a  distance  of 
3  to  4  miles.  The  sediments  are  in  fault  contact  with 
intrusive  granitic  rocks  on  the  north  and  are  bordered 
on  the  south  by  gneiss.  The  rocks  of  the  gypsum  belts 
are  quartzite,  crystalline  limestone,  and  quartz-albite- 
mica  schist  that  dip  50°-80°  NW.  Gypsum  occurs  in  the 
limestone  as  persistent  beds  as  much  as  50  feet  thick  and 
in  the  schist  as  lenticular  bodies  that  have  a  more  lim- 
ited extent.  In  places  beds  from  60  to  150  feet  thick 
have  been  worked  for  strike  distances  of  up  to  700  feet. 
The  gypsum  is  a  coarse-grained  snow-white  aggregate 
of  transparent;  grains.  In  many  places  it  contains  thin 
layers  and  lenses  of  schist,  and  schist  is  present  also  in 
gypsum  interbedded  with  limestone.  Anhydrite  is  pres- 
ent at  depth  and  is  the  mineral  from  which  the  gypsum 
has  formed.  In  the  United  States  Gypsum  Company's 
underground  workings  there  is  evidence  that  the  extent 
of  the  alteration  of  anhydrite  to  gypsum  depends  on  the 
presence  of  fractures  and  other  openings  that  allowed 
the  access  of  water.  Similar  but  undeveloped  deposits 
have  been  found  in  the  Maria  Mountains,  the  Palen 
Mountains  (Hoppin,  1954),  and  the  Riverside  Moun- 
tains, Riverside  County. 

A  pre-Tertiary  deposit  in  unmetamorphosed  rocks  oc- 
curs at  the  south  end  of  Mesquite  Valley  12  to  13  miles 
from  U.  S.  Highway  91  and  the  Union  Pacific  Railroad 
near  the  California  boundary.  This  area  contains  an 
extension  of  the  Triassic  and  Permian  sedimentary  rocks 
that  crop  out  extensively  in  southern  Nevada.  Two  or 
more  gypsiferous  zones  as  much  as  50  feet  thick  can  be 
traced  for  1  to  2  miles.  The  gypsum  is  associated  with 


black,  thin-bedded,  cherty  limestone,  sandy  limestone, 
and  brown  shale  that  appear  to  be  members  of  the 
Permian  Kaibab  formation. 

MINING 

Gypsite  commonly  is  mined  with  carryall  scrapers. 
Deposits  are  prospected  with  bulldozer  trenches  or  earth 
augers,  and  little  development  is  necessary  other  than 
the  construction  of  truck-loading  chutes.  Much  of  the 
gypsite  is  loaded  directly  from  the  scrapers  into  the 
trucks  that  carry  it  to  the  consumers. 

Rock  gypsum  must  be  drilled  and  blasted.  A  majority 
of  the  gypsum  mines  in  California  have  been  open-cut 
operations,  and  the  maximum  ratio  of  overburden  to 
gypsum  is  about  IJ  to  1.  The  Fish  Creek  Mountains 
deposit  has  been  developed  by  means  of  an  open  cut 
which  in  1942  was  3,000  feet  long  and  100  feet  high. 
Most  smaller  mines  use  wagon  drills  or  jackhammers, 
and  benches  10  to  15  feet  high  are  maintained.  Flat- 
lying  deposits  covered  by  much  overburden  and  steeply 
dipping  deposits  have  been  worked  by  open  stope  or 
room-and-pillar  methods  in  California,  but  in  1955  no 
underground  gypsum  mines  were  in  operation. 

USES  AND  TREATMENT 

The  principal  commercial  uses  of  gypsum  depend  on 
three  facts:  (1)  when  gypsum  is  partly  dehydrated  by 
calcination  at  a  moderate  temperature,  a  material  forms 
that  sets  or  hardens  when  it  is  mixed  with  water; 
(2)  gypsum  improves  the  texture  of  certain  types  of 
soil;  and  (3)  it  retards  the  naturally  fast  setting  time 
of  Portland  cement. 

The  principal  consumers  of  crude  gypsum,  the  plaster 
industry,  agriculture,  and  the  portland  cement  industry, 
probably  use  1  to  1|  million  tons  of  gypsum  a  year  in 
California.  The  consumption  of  agricultural  gypsum 
in  California  is  in  the  range  of  600,000  to  700,000  tons  a 
year.  A  roughly  equal  amount  is  required  by  the  plaster 
industry,  and  the  portland  cement  industry  consumes 
100,000  to  150,000  tons  a  year. 

In  agriculture  the  most  important  function  of  gypsum 
is  the  conditioning  of  alkali  soils.  By  raising  the  ratio  of 
calcium  ions  to  sodium  and  potassium  ions,  the  clay 
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EXPLANATION  '       Qol  -  Alluvium  •,   Is  -  Crystalline  limesfone  ;    sis  -  Siliceous  limestone  ;    tIs  -  Tremolitic  limestone 
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Figure  6.     Geologic  section  throuRh  Little  Maria  Mountains  gypsum  deposit.  Riverside  County. 
Reprinted  from  Division  of  Mines  Bulletin  1G3. 


particles  are  prevented  from  deflocculating  and  becom- 
ing very  hard  when  dry.  Gypsum  also  changes  the  harm- 
ful black  alkali  (sodium  carbonate)  to  the  less  harmful 
white  alkali  (sodium  sulfate).  Gypsum  is  a  source  of 
both  sulfur  and  calcium  and  is  particularly  useful  on 
soils  that  are  not  acid. 

For  agricultural  use,  rock  gypsum,  gypsite,  and  an- 
hydrite appear  to  be  of  equal  value  when  compared 
on  an  equivalent  basis  (Kollins,  1951,  p.  107).  For  ex- 
ample 100  pounds  of  pure  rock  gypsum  is  the  equivalent 
I  if  143  pounds  of  gypsite  containing  70  percent  gypsum, 
or  of  79  pounds  of  pure  anhydrite.  In  California  90 
percent  of  the  agricultural  gypsum  consumed  is  gypsite 
produced  within  150  miles  of  the  farms,  and  rock 
jrypsum  comprises  most  of  the  remainder.  For  agricul- 
tural use,  rock  gypsum  is  finely  ground,  commonly  to 
>i5  percent  minus  100  mesh ;  but  gypsite  requires  no 
preparation. 

In  the  plaster  industry,  gypsum  is  calcined  under 
carefully  controlled  conditions;  and  the  resulting  mate- 
rial, called  stucco,  is  further  processed  into  wallboard, 
lath,  or  plasters  for  a  host  of  purposes. '  Rock  gypsum 
containing  at  least  92  percent  CaS04 -21120  is  the  raw 
material  used,  although  in  the  past,  plaster  has  been 
made  from  gypsite.  In  the  preparation  of  gypsum  for 
c-alcining,  quarry-run  rock  is  reduced  with  jaw  crushers 
or  gyratories.  Hammer  mills  are  widely  used  as  secon- 
dary crushers  and  primary  grinders ;  and  the  final  grind- 
ing is  often  done  with  Raymond  roller  mills. 

Calcining  must  be  done  under  temperatures  that  range 
from  300°F.  to  400°F.  Overcaleining  produces  dead- 
burned  gypsum  (anhydrite)  which  will  not  rehydrate. 
Uncalcined  lumps  of  gypsum  act  as  a  powerful  acceler- 
ator of  the  set  and  are  highly  objectionable  because  their 
presence  causes  a  non-uniform  product. 

Batch  machines  called  kettles  are  used  for  most  grades 
of  stucco.  The  typical  kettle  employed  in  California 
plants  is  a  brick-lined  steel  cylinder  heated  from  below 
by  an  oil-  or  gas-fired  furnace  and  also  by  four  large 
liorizontal  flues  through  which  the  furnace  gases  pass. 
Tile  boiling  action  caused  bv  the  water  of  hydration 
being  driven  off  produces  the  necessary  agitation,  but 


additional  action  by  rabble  arms  close  to  the  bottom 
prevents  sticking.  A  charge  consists  of  10  to  20  tons  of 
gypsum  ground  to  80  percent  minus  100  mesh.  During 
calcination,  which  takes  about  2\  hours,  the  temperature 
gradually  rises  from  about  250°F.  to  340°F.  The  finished 
batch  is  dumped  into  a  hot  pit  before  removal  to  storage 
bins. 

Stucco  can  be  made  by  continuous  methods,  but  at 
present  it  is  not  possible  to  make  a  product  sufficiently 
uniform  for  all  purposes.  Two  plants  in  California  use 
the  Raymond  Imp  mill,  which  is  essentially  a  hammer 
mill  through  which  are  passed  the  hot  gases  from  an 
adjacent  furnace.  Gases  at  1400°F.  together  M'ith  raw 
gypsum  crushed  to  1  inch  or  finer  enter  the  mill,  and 
stucco  is  withdrawn  at  360°F.  to  410°F.,  90  percent 
minus  100  mesh.  It  is  then  separated  from  furnace  gases 
and  steam  and  put  in  storage  bins. 

Hardwall  plaster  is  made  from  kettle  stucco  reground 
dry  in  tube  mills.  The  ground  stucco  is  then  mixed  with 
fiber,  sometimes  sand  or  perlite,  and  a  retarder.  For 
casting  plaster,  kettle  stucco  is  reground  in  Buhr  mills. 

In  California,  gypsum  wallboard  and  lath  are  made 
both  from  kettle  stucco  and  from  stucco  produced  by 
continuous  methods.  These  products  are  made  on 
Ehrsam  machines,  which  are  almost  entirely  automatic. 
Modern  plaster  plants  have  capacities  of  as  much  as 
225,000  square  feet  of  board  products  a  day. 

In  1955,  five  calcining  plants  were  operating  in  Cali- 
fornia, one  in  the  San  Francisco  Bay  area,  two  near  Los 
Angeles,  and  two  in  the  southeastern  desert  area.  The 
Kaiser  Gypsum  Company  owns  two  plants,  one  at  Long 
Beach,  the  other  at  the  Port  of  Redwood  City,  that  con- 
sume gypsum  brought  in  special  ships  from  San  Marcos 
Island,  Baja  California.  The  Redwood  City  plant  was 
destroyed  by  fire  in  June  1955.  The  United  States  Gyp- 
sum Company  also  owns  two  plants.  One,  at  Plaster  City, 
Imperial  County,  uses  gypsum  brought  from  the  Fish 
Creek  Mountains  deposit  25  miles  to  the  north  over  a 
private  railroad;  the  other,  at  Midland,  Riverside 
County,  processes  gypsum  mined  in  the  nearby  Little 
Maria  Mountains.  The  fifth  plant,  at  South  Gate,  is 
owned  by  Pabeo,  Inc.,  and  it  is  supplied  by  rail  from  the 
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Figure  7.  Photo  showing  gypsum  workings,  Garbutt  and  Orcutt  deposit,  Little  Maria  Moun- 
tains. From  1946  to  1950  gypsum  was  quarried  from  this  deposit  and  ground  for  agricultural 
use.  The  gypsum  is  associated  with  quartz  biotite  schist. 


company's  deposit  near  Henderson,  Nevada.  In  addition, 
plaster  products  are  shipped  into  California  from  plants 
at  Gerlach  and  Arden,  Nevada. 

The  Portland  cement  industry  uses  raw  gypsum  as  a 
retarder.  About  10  pounds  of  gypsum  consisting  of  at 
least  92  percent  CaS04 -21120  are  added  per  barrel  of 
cement.  Probably  most  of  the  mills  in  California  are  ac- 
customed to  using,  and  therefore  specify,  gypsum  that 
is  crushed  to  plus  f-inch  and  minus  1^-inch.  Some,  how- 
ever, specify  finely  ground  gypsum;  and  a  few  are 
equipped  to  handle  both  pebble  and  finely  ground  gyp- 
sum. 

PRICES 

Although  in  1952  the  average  value  of  crude  gypsum 
at  the  mine  was  reported  by  United  States  producers  to 
be  $2.72  a  ton  (North,  0.  S.,  and  Jensen,  N.  C,  1954), 
most  figures  for  rock  gypsum  are  nominal.  The  only 
California  production  costs  available  are  those  of  the 
defunct  luca  operation  which  produced  agricultural 
gypsum  in  the  Little  Maria  Mountains  from  1946  to  1950 
(Ver  Planck,  1952,  p.  100).  The  mining  and  grinding  of 
bulk  gypsum  (ground  to  100  percent  minus  10  mesh) 
cost  about  $3.00  a  ton,  and  of  sacked  gypsum  (100  per- 
cent minus  50  mesh),  $6.00  a  ton. 

In  California,  gypsite  for  agricultural  use  sells  for 
between  $1.00  and  $2.00  a  ton  at  the  mine,  depending 
on  the  grade.  Some  agricultural  gypsum  is  sold  at  the 
mine,  but  the  price  usually  includes  delivery  and  some- 
times spreading  it  on  the  fields.  In  the  San  Joaquin 
Valley  gypsite  containing  50  to  70  percent  gypsum  sells 
for  between  $6.00  and  $7.00  per  ton  delivered  and 
spread.  Ground  rock  gypsum  for  agricultural  use  sells 
for  $14.00  a  ton  delivered  or  as  much  as  $18.00  a  ton  if 
spreading  is  included. 


MARKETING 

Gypsum  is  a  low-priced,  widely  distributed  commodity 
that  is  of  value  only  when  it  can  be  economically  mined 
and  transported  to  consuming  centers.  The  mining  of 
rock  gypsum  requires  a  substantial  investment  in  equip- 
ment; and  deposits  are  of  little  economic  value  unless 
they  contain  many  thousand  tons  of  uniform,  high-grade 
material.  Because  little  equipment  is  necessary,  much 
smaller  deposits  of  gypsite  can  be  profitably  Avorked  if  a 
local  market  exists. 

Freight  charges  represent  a  substantial  portion  of  the 
price  of  crude  gypsum  to  the  consumer.  The  maximum 
distance  that  rock  gypsum  is  hauled  by  rail  in  California 
is  a  little  less  than  300  miles;  gypsite  is  seldom  hauled 
more  than  150  miles. 

Plaster  manufacturers  seldom  purchase  crude  gypsum. 
The  plaster  industry  is  characterized  by  integrated  com- 
panies that  operate  large  calcining  and  manufacturing 
plants  supplied  with  crude  gypsum  from  low-cost,  cap- 
tive operations.  These  companies  own  or  control  large 
deposits  of  gypsum,  and  many  of  them  are  engaged  in  a 
search  for  additional  reserves.  Most  of  the  undeveloped 
gypsum  deposits  in  California  are  too  small  and  irregu- 
lar to  support  a  modern  calcining  plant. 

The  production  of  gypsum  products  such  as  hardwall 
plaster  and  wallboard  requires  a  large  investment  of 
capital.  Expenditures  of  1^  to  2  million  dollars  have 
been  reported  for  the  building  or  reconstruction  of  cal- 
cining and  wallboard  plants.  Moreover,  competition  is 
keen,  and  marketing  channels  must  be  established. 

In  addition  to  calcined  products,  the  plaster  industry 
furnishes  the  uncalcined  rock  gypsum  that  is  used  in 
relatively  small  amounts  by  the  portland  cement  in- 
dustry and  in  agriculture.  These  products  are  produced 
by  the  large  capacity  crushing  and  grinding  plants  that 
are  primarily  engaged  in  preparing  gypsum  for  calcina- 
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t  ion  at  costs  that  can  seldom  be  equaled  by  plants  that 
prepare  unealcined  gypsum  only. 

Most  of  the  agricultural  gypsum  consumed  in  Califor- 
nia is  used  in  the  San  Joaquin  Valley  and  90  percent  of 
the  supply  is  gypsite  produced  within  150  miles  of  the 
farms.  Elsewhere  in  California,  ground  rock  gypsum 
brought  from  plants  in  Nevada  or  southern  California  is 
used  almost  exclusively.  Because  a  high  proportion  of  the 
cost  of  gypsum  to  the  farmer  is  represented  by  handling 
rliarges,  local  markets  can  be  developed  for  gypsite  with 
;i  gypsum  content  of  70,  60,  or  even  30  percent.  In  addi- 
tion,  gypsite  deposits  can  be  developed  and  mined  with 
relatively  little  equipment.  Ten  producers  of  agricul- 
tural gypsum,  some  of  which  operate  more  than  one  de- 
posit, were  registered  with  the  State  Bureau  of  Chemistry 
tor  the  fiscal  year  ending  June  30,  1956. 

The  producer  of  agricultural  gypsum,  including  both 
L'vpsite  and  high-grade,  ground,  rock  gypsum,  must  com- 
ply with  the  regulations  of  the  State  Department  of 
Agriculture.  The  Agricultural  Code  requires  that  a  pro- 
ducer must  be  registered  with  the  State  Bureau  of 
( 'hemistry  and  that  each  lot  or  package  of  gypsum  must 
!)('  properly  labeled.  Although  the  law  does  not  specify 
tlie  minimum  content  of  agricultural  gypsum,  frequent 
inspections  are  made  to  see  that  the  product  conforms 
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with  the  producer's  own  guarantee.  The  mortality  rate 
among  producers  of  agricultural  gypsum  has  been  high, 
and  probably  the  greatest  single  cause  is  failure  to  pro- 
duce gypsum  of  the  guaranteed  quality. 

Most  Portland  cement  plants  purchase  crude  gypsum. 
Only  one  company  in  California,  the  Monolith  Portland 
Cement  Company,  quarries  gypsum  for  its  own  use.  Two 
other  companies  own  gypsum  deposits  that  are  held  in 
reserve  in  case  of  an  emergency.  Portland  cement  plants 
desire  a  uniform,  dependable  supply  of  gypsum;  and 
many  require  a  long-term  guarantee.  In  addition,  the 
gypsum  producer  who  supplies  the  portland  cement  in- 
dustry must  find  a  market  for  off  grades  and  sizes  that 
are  not  acceptable  to  the  portland  cement  plant. 

HISTORY  OF  PRODUCTION 

The  outstanding  feature  of  California's  gypsum  in- 
dustry is  the  rapid  increase  in  production  in  recent 
years.  This  growth  in  part  reflects  the  increase  in  build- 
ing activity.  The  application  of  gypsum  to  soils  bearing 
certain  crops  has  been  greatly  stimulated  by  the  policy 
of  the  Federal  Production  and  Marketing  Administra- 
tion, which  makes  payments  to  farmers  for  the  applica- 
tion of  agricultural  gypsum  on  the  basis  of  its  contained 
sulfur  content. 
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FiGUBE  8.     Chart  "showing  amount  and  average  value  per  ton  of  gypsum  produced  in  California,  1887-1953. 
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Figure  9.  Photo  showing  gypsite  operations  of  H.  M.  Holloway, 
Inc.,  at  Lost  Hills,  Kern  County.  Carry-all  scrapers  load  the  gyp- 
site  into  trucks  that  carry  it  to  farms  in  the  San  Joaquin  Valley. 

Although  it  has  been  stated  that  the  earliest  use  for 
gypsum  in  California  was  for  agriculture,  the  Golden 
Gate  plaster  mill  of  Lucas  and  Company  at  San  Fran- 
cisco was  in  operation  before  1875.  It  received  at  least 
part  of  its  requirements  from  the  Point  Sal  mine,  Santa 
Barbara  County.  In  1884  a  mill  at  Los  Angeles  was 
grinding  gypsum  for  agricultural  use.  Before  1880, 
Lucas  and  others  were  importing  crude  gypsum  from 
Lower  California,  probably  San  Marcos  Island  (Hanks, 
1884,  p.  228). 

The  Point  Sal  mine  was  closed  in  1889,  but  within 
the  next  10  years  other  producers  took  its  place.  Among 
them  were  the  Alpine  Plaster  Company  and  the  Fire 
Pulp  Plaster  Company  at  Palmdale,  Los  Angeles 
County;  the  Paoli  mine  and  the  Coalinga  mine,  Fresno 
County;  and  Captain  Fauntleroy's  deposit  on  Cotton- 
wood Creek,  Kern  County.  All  of  these  operations  were 
closed  by  1910.  The  Pacific  Cement  Plaster  Company 
began  operations  at  Amboy,  San  Bernardino  County, 
in  1906  and  in  succeeding  years  built  the  largest  calcin- 
ing plant  in  California  of  that  time.  This  company  was 
bought  out  by  the  United  States  Gypsum  Company  in 
1919.  In  1916  and  1917  the  Acme  Cement  Plaster  Com- 
pany operated  a  gypsum  mine  at  China  Ranch,  San  Ber- 
nardino County.  Gypsum,  which  was  produced  from 
underground  workings  at  the  rate  of  1,000  tons  a  month, 
was  shipped  by  rail  to  Los  Angeles  where  it  was  calcined. 

Perhaps  as  early  as  1910  the  United  States  Gypsum 
Company  began  searching  for  a  deposit  in  California. 
The  deposits  in  the  Little  Maria  Mountains  were  selected, 
and  a  4-year  development  program  was  begun  in  1916. 
As  stated  above,  however,  this  company  purchased  the 
plant  and  deposit  at  Amboy  in  1919;  and  it  produced 
gypsum  products  there  for  about  5  years.  When  the 
Santa  Fe  Railway's  Ripley  branch  was  built  through 
Midland  in  1922,  production  of  gypsum  in  the  Little 
Maria  Mountains  became  feasible,  and  operations  were 
transferred  there.  The  company  completed  a  crushing 
and  grinding  plant  at  Midland  in  1925,  the  output  of 
which  was  largely  portland  cement  retarder;  and  in 
1928  a  calcining  plant  of  300  tons  daily  capacity  was 
added.  A  wallboard  machine  was  installed  in  1934,  and 


FIOUBK  10.  Plioto  showing  gypsite  operations  of  Superior  Gyp- 
sum Company  in  Carrizo  Plain,  San  Luis  Obispo  County.  A  view 
of  the  gypsite  pit.  The  loading  slot  is  sunk  in  the  pit  floor  and  does 
not  reach  the  base  of  the  deposit. 

by  1944  the  capacity  of  the  Midland  plant  had  been  in- 
creased to  800  tons  of  calcined  products  a  day. 

The  Fish  Creek  Mountains  deposits  were  known  at  an 
early  date,  but  they  were  not  developed  on  a  significant 
scale  until  the  San  Diego  and  Arizona  Railroad  was 
built  in  1920.  At  about  that  time  the  Imperial  Gypsum 
Corporation  acquired  a  large  portion  of  the  Fish  Creek 
Mountains  deposit  and  built  a  narrow  gauge  railroad 
from  it  to  the  point  on  the  standard  gauge  line  that  is 
now  called  Plaster  City.  In  October  1922  crude  gypsum 
began  to  be  shipped  to  Los  Angeles  where  it  was  sold 
to  a  calcining  plant.  Two  years  later  the  operation  was 
sold  to  the  Pacific  Portland  Cement  Company  which,  in 
addition  to  its  cement  plants,  owned  gypsum  operations 
in  northwestern  Nevada.  The  new  owner  built  a  calcin- 
ing plant  of  300  tons  daily  capacity  at  Plaster  City. 
During  World  War  II  the  Pacific  Portland  Cement 
Company  began  to  withdraw  from  the  gypsum  business, 
and  the  Fish  Creek  Mountains  deposit  was  sold  to  the 
United  States  Gypsum  Company  in  July  1945.  This 
company  immediately  undertook  a  program  of  moderni- 
zation and  expansion.  Since  its  completion,  a  major 
proportion  of  California's  gypsum  production  has  passed 
through  Plaster  City,  although  the  United  States  Gyp- 
sum Company  still  operates  the  Midland  plant. 

The  wallboard  operation  of  Pabco  Products  Incorpo- 
rated at  South  Gate  originated  before  1918  as  the 
Schumacher  Wall  Board  Corporation.  This  company  was  ■§ 
one  of  many  in  California  that  produced  gypsum  prod- 
ucts from  purchased  stucco  up  to  the  1930s.  Most  of 
these  companies  were  absorbed  or  went  out  of  business 
as  the  primary  gypsum  producers  began  to  operate  their 
own  wallboard  plants.  The  Schumacher  Wall  Board  Cor- 
poration, however,  installed  calcining  equipment  and 
acquired  gypsum  deposits  in  southern  Nevada;  and 
about  1939  it  began  producing  stucco  for  its  own  vise. 
The  company  became  a  division  of  Pabco  Products  In- 
corporated shortly  after  World  War  II. 

The  Blue  Diamond  Corporation  can  be  traced  back  tn 
the  Blue  Diamond  Materials  Company  which  began  pro- 
ducing plaster  from  purchased  gypsum  in  Los  Angeles 
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in  the  early  1920s.  About  1925  it  acquired  its  own 
ilcposits  near  Arden,  southern  Nevada,  and  began  ship- 
ping gypsum  from  them  to  the  calcining  plant  in  Los 
Angeles.  In  1941  the  company  transferred  its  manufac- 
Miring  operations  to  Nevada. 

The  calcining  plant  in  Long  Beach  has  had  several 
operators.  It  was  built  in  1924  and  1925  by  the  Standard 
•  iypsum  Company  whieh  was  organized  in  1922  and  had 
,1  jivpsum  operation  in  northwestern  Nevada.  Production 
at  Long  Beach  began  in  1925,  using  crude  gypsum  mined 
at  San  Marcos  Island,  Baja  California,  by  a  subsidiary. 
I  n  1932  or  1933  the  Standard  Gypsum  Company  ceased 
n)ierating  and  leased  the  Long  Beach  plant  to  the  Pacific 
Portland  Cement  Company.  This  company  operated  it 
until  1941,  but  it  was  idle  during  World  War  II.  After 
ilie  war  Henry  J.  Kaiser  formed  the  Standard  Gypsum 
(  nmpany  of  California,  which  leased  the  Long  Beach 
plant  from  the  old  Standard  Gypsum  Company.  The 
plant  was  rebuilt,  a  wallboard  machine  added,  and  pro- 
Inction  was  resumed  in  1947.  A  year  later  Kaiser 
( :  ypsum  Company  was  formed  to  take  over  the  Standard 
I  lypsum  Company  holdings. 

The  wallboard  plant  at  the  Port  of  Redwood  City  was 
Imilt  bj-  the  Pacific  Portland  Cement  Company  in  1941. 
Although  calcining  equipment  was  installed,  the  board 
plant  initially  used  stucco  produced  by  the  company  in 
northwestern  Nevada.  About  1947  the  Redwood  City 
plant  began  calcining  crude  gypsum  purchased  from 
other  companies.  In  1949  Kaiser  Gypsum  Company  pur- 
rliased  the  plant  and  operated  it  until  it  was  destroyed 
by  fire  in  the  summer  of  1955. 

The  Monolith  Portland  Cement  Company  began  pro- 
ducing gypsite  for  its  own  use  from  a  deposit  near 
McKittriek  in  1940.  A  search  was  made  for  a  substitute 
for  this  comparatively  small  deposit,  and  the  one  in 
Quatal  Canyon  was  selected.  Quarrying  began  in  1941. 
During  the  first  year,  the  deposit  was  worked  for  the 


Monolith  Portland  Cement  Company  by  A.  H.  Lange,  a 
contractor;  but  since  that  time  the  cement  company  has 
been  the  operator. 

Although  agricultural  use  was  one  of  the  earliest 
markets  for  gypsum  in  California,  the  annual  consump- 
tion by  agriculture  did  not  exceed  25,000  tons  until 
1939.  In  1944,  nearly  400,000  tons  were  used ;  and  agri- 
culture consumed  a  record  708,593  tons  in  1952.  A  por- 
tion of  the  agricultural  gypsum  used  in  the  San  Joaquin 
Valley  has  come  from  the  Koehn  Lake  deposit,  eastern 
Kern  County.  This  deposit  was  discovered  in  1909  and 
supplied  a  small  plaster  plant  in  1910-13.  Since  1926 
almost  all  of  the  output  has  been  used  in  agriculture. 
Gypsite  was  first  produced  in  the  Lost  Hills  area,  Kern 
County,  in  1930.  The  H.  M.  HoUoway  Company,  which 
has  become  one  of  the  largest  gypsum  producers  in 
California,  first  reported  production  from  the  Lost  Hills 
in  1934.  For  the  fiscal  year  ending  June  30,  1956,  ten 
producers  of  agricultural  gypsum  were  registered  with 
the  State  Bureau  of  Chemistry. 

At  least  two  deposits  of  rock  gypsum  have  been 
worked  for  agricultural  gypsum  alone.  One  is  the  Mule 
Shoe  Ranch  deposit,  San  Benito  County,  which  was  op- 
erated by  the  Triangle  Fertilizer  Company  in  1938-42 
and  the  Monterey  Gypsum  Company  in  1945  and  1946. 
The  other  is  the  Garbutt  and  Orcutt  deposit  in  the  Little 
Maria  Mountains,  Riverside  County.  This  deposit,  con- 
sisting of  five  claims  patented  prior  to  1919,  was  ac- 
quired by  F.  A.  Garbutt  and  W.  W.  Orcutt  in  1920. 
Exploration,  including  diamond  drilling,  was  carried  out 
in  1945 ;  and  in  1946  the  deposit  was  leased  to  a  Fresno 
company,  the  American  Gypsum  Company.  The  latter 
employed  the  Utah  Construction  Company  to  work  the 
deposit  and  prepare  agricultural  gypsum  in  a  grinding 
plant  at  Inea  Siding  near  Midland.  In  1948  the  Utah 
Construction  Company  acquired  an  interest  in  the  opera- 
tion.   Work   began   in    September    1946    and    continued 


Figure  11.  Photo  showing  gypsum  quarry  of  Monolith  Portland  Cement  Company.  Quatal 
Canyon.  The  gypsum  beds  e.\posed  in  the  face  beyond  the  shovel  are  enclosed  in  the  Quatal  red 
clay  member -pf  the  upper  Miocene  Santa  Margarita  formation. 
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intermittently  until  June  30,  1950,  when  the  operation 
was  abandoned,  and  the  lease  was  terminated.  During 
this  period  about  60,000  tons  of  agricultural  gypsum 
were  mined  and  shipped. 
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IODINE 

Br  William  E.  Ver  Planck 


All  of  the  crude  iodine  recovered  in  the  United  States 
is  produced  in  California.  Two  companies  in  the  Los 
Angeles  area  furnish  a  substantial  proportion  of  the 
United  States'  requirements.  The  remainder  is  imported 
from  Chile  and  Japan. 

Occurrence.  Iodine,  although  a  widely  distributed 
element,  occurs  in  small  amounts  and  has  not  been  found 
uncombined  with  other  elements.  Iodine-bearing  min- 
erals occur  with  certain  silver  and  lead  ores.  The  double 
salt  dietzite  [Ca(I03)2"CaCr04],  the  calcium  iodate 
lautarite  fCa(I03)2]  and  perhaps  other  iodates  are 
found  in  Chilean  caliche.  Iodine  has  been  detected  in 
plants  and  animals,  particularly  marine  plants  and  ani- 
mals, and  apparently  is  essential  for  organisms.  Certain 
kinds  of  seaweed  are  a  commercial  source.  Iodine  occurs 
in  artesian  water  in  Java  and  Italy  and  in  brine  asso- 
ciated with  natural  gas  in  Japan.  Salt  water  produced 
with  oil  from  certain  oil  wells  contains  iodine  in  recover- 
able amounts.  Most  of  the  world's  supply,  however,  has 
come  from  caliche  deposits  in  Chile. 

Localities.  In  California,  recoverable  amounts  of 
iodine  are  present  in  the  brines  produced  with  oil  in  the 
Dominguez,  Playa  del  Rey,  Inglewood,  Seal  Beach,  and 
Long  Beach  oil  fields  in  the  Los  Angeles  area.  Scattered 
wells  in  other  California  oil  fields  yield  iodine-bearing 
brine,  but  the  cost  of  collecting  it  is  prohibitive.  These 
brines  contain  onlj^  2^  to  3  percent  dissolved  solids, 
almost  entirely  .sodium  chloride.  Iodine  is  present  in 
amounts  of  as  much  as  140  parts  per  million,  and  is 
thought  to  be  in  the  form  of  sodium  iodide.  The  follow- 
ing analysis  is  representative  of  the  iodine-bearing 
brines,  although  plant  feeds  are  usually  somewhat  richer 
in  iodine  (Sawyer,  19-19,  p.  1550,  Table  III,  Brine  D). 

Parts  per 
million 

Iodine    50 

Sodium    9,407 

("uleium H'll 

Magnesium   211 

Chloride     15,200 

Bicarbonate    799 

Sulfate    5 

Silica , 42 

Iron  oxide  and  alumina 7 

Iodine  is  recovered  from  the  water  that  accompanies 
the  oil  pumped  from  the  oil  wells.  This  water  with  its 
residual  oil  content  is  an  objectionable  waste  that  could 
not  be  discarded  in  a  metropolitan  area  without  some 
cleaning  treatment.  Cleaning  of  the  water  is  also  an  im- 
portant preliminary  step  in  the  recovery  of  iodine  and 
thus  accomplishes  two  purposes.  Under  present  condi- 
tions the  cost  of  collecting  the  oil  field  waste  water  can- 
not be  borne  by  the  iodine  alone,  and  the  only  usable 
supplies  of  raw  material  come  from  fields  yielding  abun- 
dant iodine-bearing  brine  that  must  be  gathered  and 
'•leaned  before  disposal.  It  is  not  feasible  to  draw  brine 
From  selected  wells  in  a  given  field,  nor  is  it  economic  to 
rontinue  pumping  a  well  for  its  iodine  after  it  has  ceased 
to  yield  petroleum  in  paying  amounts. 

Methods  of  secondary  recovery  of  petroleum  probably 
benefit  the  iodine  industry  by  prolonging  the  life  of  the 


oil  fields  on  which  it  depends.  In  the  Dominguez  field, 
where  water-flooding  is  in  progress,  the  iodine  content  of 
individual  wells  is  watched.  Although  for  a  few  wells  it 
has  declined,  for  the  majority  it  has  remained  constant 
or  increased.  The  increase  may  be  caused  by  the  washing 
out  of  precipitated  salts. 

The  Dow  Chemical  Company  operates  iodine  recovery 
plants  at  Seal  Beach,  Venice,  and  Inglewood;  and  the 
Deepwater  Chemical  Company  Ijimited  produces  iodine 
at  Dominguez  Hill.  A  third  company  controls  the  right 
to  extract  iodine  from  the  Long  Beach  field  brine,  but  no 
iodine  has  been  produced  from  it  since  1934. 

Methods  of  Recovery.  The  method  of  recovery  used 
by  the  Dow  Chemical  Company  resembles  the  blowing- 
out  process  for  the  recovery  of  bromine.  Oil  field  waste 
water  containing  62  to  67  parts  per  million  of  iodine 
is  received  in  tanks,  where  it  is  clarified.  The  water  is 
acidified,  and  chlorine  gas  is  added  to  liberate  the  iodine. 
Iodine  is  removed  from  the  water  in  a  blowing-out  tower, 
which  consists  of  a  vertical  cylinder  packed  with  rings 
made  of  ceramic  material.  The  water  containing  free 
iodine  enters  the  top  of  the  tower  where  it  meets  a  rising 
current  of  air.  Iodine  is  carried  by  the  air  out  of  the  top 
of  the  tower  to  a  similar  but  smaller  tower,  where  it  is 
absorbed  by  a  solution  of  SOo  in  water  according  to  the 
reaction  I,  +  SOo  +  211,0  -^  H2SO4  +  2HI.  The  ab- 
sorbing solution  is  maintained  at  a  constant  concentra- 
tion of  1  pound  of  iodine  per  gallon  by  diluting  it  with 
fresh  water  and  SO2.  Periodically  some  is  drawn  off  and 
sent  to  the  finishing  department.  All  the  iodine  is 
finished  at  the  Seal  Beach  plant,  and  the  concentrated 
iodine-bearing  liquor  produced  at  Inglewood  and  Venice 
is  transported  there.  In  the  finishing  department  the 
iodine  is  again  liberated  with  chlorine,  and  the  concen- 
tration is  now  high  enough  to  permit  the  recovery  of 
iodine  by  filtration.  This  product  is  purified  by  treat- 
ment with  hot  concentrated  sulfuric  acid  and  then  dried. 
Material  thus  produced  is  crude  iodine,  99.8  percent 
pure.  Much  of  it  is  sold  to  chemical  manufacturers  for 
refining  or  the  preparation  of  iodine  compounds,  but  a 
portion  is  made  into  refined  potassium  iodide  at  the 
Seal  Beach  plant. 

The  Deepwater  Chemical  Company  ^  uses  the  silver 
process  for  recovering  iodine.  Waste  brine  from  oil  wells 
of  the  Dominguez  field  is  collected  in  a  sump  at  the 
plant,  which  is  north  of  Victoria  Street,  Compton.  The 
iodine  content  averages  72  parts  per  million.  Oil  and 
floating  debris  are  skimmed  off  before  the  brine  is  fur- 
ther cleaned  by  a  flotation  process.  The  cleaned  brine 
is  reacted  with  a  measured  amount  of  silver  nitrate  in 
one  of  three  batch  tanks.  Insoluble  silver  iodide  forms, 
and  after  the  reaction  is  complete,  ferric  chloride  is 
added  to  coagulate  the  precipitate  and  aid  in  its  settling. 
The  liquor  is  then  decanted  through  a  sand  fil^ter  to 
recover  any  silver  iodide  that  does  not  settle,  and  the 
silver  iodide  sludge  is  purified  with  boiling  sulfuric 
acid.    Soluble   hydrocarbons    are   removed,    ferric    com- 

iQirvin,  C.  W.,  and  Witmer,  E.  B.,  1950,  The  production  of  iodine 
in  the  United  States :  Unpublished  paper  presented  before  Am 
Inst.  Min.  Met.  Eng.,  Industrial  Minerals  Div.,  Los  Angeles 
Oct.  1950, 
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Figure  1.     Flow  sheet  showing  production  of  iodine  from  oil  field 
waste  water  by  the  blowing-out  process. 


pounds  are  changed  to  soluble  salts,  and  the  silver 
iodide  becomes  a  granular  material  with  improved  filter- 
ing properties.  The  silver  iodide  is  recovered  with 
vacuum  filters  and  roasted  to  remove  remaining  traces 
of  hydrocarbons. 

The  next  step  consists  of  recovering  the  silver  for  re- 
use. The  silver  iodide  is  tumbled  with  water  and  iron  in 
a  revolving  cylinder.  The  iron  reacts  with  the  silver 
iodide,  forming  a  concentrated  solution  of  ferrous  iodide 
and  liberating  metallic  silver.  Recovery  of  silver  is  high. 

At  one  time  the  Deepwater  Chemical  Company  pro- 
duced free  iodine  from  the  ferrous  iodide  solution,  but 
today  potassium  iodide  of  U.S.P.  grade  is  recovered 
from  it  by  treatment  with  potassium  carbonate.  To 
avoid  (Jontaminating  the  product,  stainless  .steel  equip- 
ment is  used  from  this  point  in  the  process.  The  ferrous 
carbonate  that  precipitates  is  filtered  out,  and  the  potas- 
sium iodide  is  concentrated  by  evaporation.  Further 
evaporation  yields  crystals  of  pure  potassium  iodide. 
Finally  the  crystals  are  dried  in  ovens,  and  packed  in 
drums.  A  comparatively  small  amount  of  crude  iodine 
is  produced  by  treating  old  mother  liquor  with  chlorine. 


TJses  and  Marketing .  Iodine  and  its  compounds  are 
valued  for  their  antiseptic  properties.  Iodine  is  an  essen- 
tial element  for  humans  and  animals,  and  certain  of  its 
salts  are  sensitive  to  light.  Its  uses  are  limited  by  its 
relatively  high  price. 

The  United  States  consumed  1,173,874  pounds  of 
iodine  in  1952.  Because  only  two  companies  produce 
iodine  in  the  United  States,  the  domestic  production  has 
not  been  disclosed  in  recent  years ;  but  it  is  a  substantial 
portion  of  the  consumption.  In  1952  the  crude  iodine 
imported  to  the  United  States  totaled  791,208  pounds, 
but  imports  are  erratic  and  cannot  be  readily  correlated 
with  current  consumption.  Chile  is  the  principal  source 
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Uof  imported  iodine,  but  since  World  War   II   imports 
_  from  Japan  have  increased  substantially. 

Almost  all  the  crude  iodine  produced  in  California  as 
well  as  that  imported  into  the  United  States  is  processed 
before  use.  Crude  iodine  is  used  approximately  as 
follows : 

Resublimed  iodine 7  percent 

Potassium  iodide 65  percent 

Sodium    iodide 5  percent 

Other  inorganic  compounds 3  percent 

Organic  compounds 20  percent 

None  of  the  processing  plants  are  in  California,  and 
the  crude  iodine  produced  in  California  is  shipped  out 
of  the  state.  A  portion  of  the  refined  potassium  iodide 
produced  in  California  is  marketed  in  the  state,  princi- 
pally as  additives  to  animal  feeds  and  to  salt  for  both 
table  and  animal  use.  For  the  United  States  as  a  whole 
the  principal  use  of  iodine  compounds  is  probably  for 
pharmaceutical  purposes,  and  smaller  amounts  are  con- 
sumed in  the  preparation  of  photographic  materials  and 
as  laboratory  reagents.  Photographic  uses  have  declined 
in  importance  because  of  technologic  changes  in  the 
photographic  industry. 

According  to  the  Oil,  Paint,  and  Drug  Reporter,  the 
price  of  crude  iodine  in  1955  was  $1.45  a  pound.  The 
price  of  resublimed  iodine  was  $2.30-.$2.32  a  pound  and 
of  potassium  iodide,  $1.90-$1.95  a  pound  except  during 
March,  April,  and  May  when  they  were  somewhat  higher. 
The  prices  in  California  are  approximately  the  same. 

History  of  Production.  The  iodine  industry  is  com- 
paratively young.  It  was  not  until  1811  that  Bernard 
Courtois,  a  French  manufacturer  of  chemicals,  discov- 
ered iodine  in  seaweed  ash  from  which  alkali  had  been 
extracted.  In  the  early  part  of  the  nineteenth  century 
iodine  was  produced  with  other  salts  from  seaweed  in 
Scotland  and  France,  and  today  there  is  still  some 
production  from  seaweed  in  Europe. 

Today  the  most  important  source  is  the  caliche  of 
Chile,  from  which  iodine  is  obtained  as  a  byproduct  of 
the  nitrate  industry.  The  Chilean  industry,  established 
in  1874,  soon  acquired  a  world  monopoly,  and  by  1946 
produced  about  75  percent  of  the  world's  requirements. 
Assuming  normal  production  of  nitrate,  Chile  could,  by 
the  most  conservative  estimate,  produce  the  entire 
world's  consumption  of  iodine. 

For  many  years  prior  to  1930  the  price  of  crude  iodine 
had  been  fixed  at  about  $4.00  a  pound.  Although  vising 
about  30  percent  of  the  world's  output,  the  United 
States  produced  very  little  iodine  before  this  time.  The 


only  exception  was  a  few  pounds  produced  with  other 
chemicals  from  seaweed  by  an  experimental  plant  oper- 
ated in  southern  California  in  1917.  In  1928  the  Dow 
Chemical  Company  which  had  been  studying  methods  of 
recovering  iodine  from  brine  began  producing  iodine  near 
Shreveport,  Louisiana.  Soon  after,  the  General  Salt 
Company  began  production  at  Long  Beach,  California, 
and  was  followed  by  the  Deepwater  Chemical  Company. 
The  Dow  Chemical  Company  also  built  plants  in  south- 
ern California  and  abandoned  the  Shreveport  operation 
in  1933.  The  General  Salt  Companv  ceased  production  in 
1934. 

The  developments  of  the  American  iodine  industry 
and  later  of  the  Japanese  iodine  industry  have  had  a 
marked  effect  on  the  price  of  crude  iodine.  When  the 
American  production  became  significant,  the  price  fell 
sharply  and  reached  81  cents  a  pound  in  October  1936. 
Crude  iodine  is  imported  duty  free,  yet  the  American 
industry  was  able  to  establish  itself.  The  price  soon  rose 
to  about  $1.00  a  pound  and  was  fixed  at  $1.28^  during 
World  War  II.  Following  the  war  it  increased  gradually 
and  reached  as  much  as  $2.04  at  times  during  1951  and 
1952. 

In  Japan  the  dormant  iodine  industry  was  revived 
during  World  War  II  in  the  interest  of  national  self- 
sufficiency,  and  following  the  war  she  had  an  exportable 
surplus.  Beginning  in  1948,  an  increasing  proportion  of 
the  iodine  imported  into  the  United  States  has  come 
from  Japan ;  in  1952  Japanese  imports  amounted  to 
about  40  percent  of  the  total.  The  price  of  crude  iodine 
declined  and  was  as  low  as  $1.15  during  much  of  1954. 

The  competition  for  the  iodine  market  has  resulted  in 
a  program  of  research  and  education,  the  purpose  of 
which  is  to  increase  the  use  of  iodine. 
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IRON  INDUSTRIES  * 

(Iron,  Steel,  Ferroalloys,  Coke,  Blast  Furnace  Slag) 
By  Thomas  E.  Gay,  Jr. 


Prior  to  establishment  of  the  Kaiser  Steel  Corporation 
operation  at  Pontana,  San  Bernardino  County,  in  1942, 
California's  iron  industry  consisted  mainly  of  the  manu- 
facture of  iron  and  steel  products  from  scrap,  pig  iron, 
and  iron  ore  broup-ht  into  the  state.  Except  for  two  rela- 
tively minor  and  short-lived  blast  furnace  operations  in 
Placer  and  Shasta  Counties  prior  to  World  War  I,  the 
iron  and  steel  plants  in  California  had  used  little  or  no 
iron  ore  from  dejiosits  in  California.  The  Kaiser  Steel 
Corporation  completed  its  first  blast  furnace  in  1942, 
added  a  second  in  1949,  and  a  third  in  1953,  to  increase 
its  capacity  to  more  than  1.300,000  tons  of  hot  metal  per 
year.  In  1956,  Kaiser  Steel  was  the  only  California  con- 
sumer of  blast  furnace  ore.  The  Vulcan  mine,  in  San 
Bernardino  County  supplied  ore  for  the  Kaiser  blast 
furnaces  until  ]94'8,  when  the  Eagrle  Mountain  deposit 
in  Riverside  County  was  placed  in  production.  Since 
1948,  the  latter  deposit  has  supplied  the  Kaiser  plant's 
requirements  for  blast  furnace  ore,  and,  except  for  the 
Iron  Mountain  (Silver  Lake  district)  deposit  from  which 
20,000  tons  were  mined  in  1953,  has  been  the  state's  only 
source  of  ore  for  this  use. 

Most  of  Kaiser  Steel's  output  of  hot  metal  is  con- 
verted to  steel  in  the  integrated  steel  plant  at  Pontana. 
All  of  California's  other  major  steel  plants — ^five  in  the 
Los  Angeles  area,  and  four  in  the  San  Prancisco  area  in 
1957 — use  scrap  metal,  or  cold  pig  iron,  the  latter  almost 
entirely  from  out-of-state  sources,  as  their  basic  raw 
material.  Scrap  iron  and  scrap  steel  are  necessary  ingre- 
dients in  the  steel  furnace  charge  of  most  California 
steel  producers ;  scrap  is  substituted  for  pig  iron  in  vari- 
ous proportions  depending  on  their  current  relative  costs. 
The  Kaiser  Steel  plant  was  founded  mainly  to  supply 
ship  plate  to  the  west  coast's  World  War  II  shipbuildinir 
industry,  but  since  the  war,  like  the  rest  of  California's 
steel  industry,  it  has  expanded  and  diversified. 

California's  iron  industry  includes  several  closely  re- 
lated components,  which  will  be  discussed  in  this  section : 
(1)  the  iron-ore  industry ;  (2)  the  steel-producing  indus- 
try; (3)  the  ferroalloy  industry ;  (4)  the  coke-producing 
industry;  and  (5)  the  blast-furnace  slag  industry. 

Iron  ore  also  has  been  mined  in  California  for  use  in 
high-iron  cement,  in  ferroalloys,  as  lump  ore  in  steel 
furnaces,  as  heavy  aggregate,  as  ship  ballast  and  as  paint 
pigment  (table  1).  The  principal  sources  of  iron  ore  for 
cement  are  the  Vulcan,  Cave  Canyon,  Bessemer,  and 
Morris  Lode  deposits,  all  in  San  Bernardino  County. 
Nearly  all  the  iron  ore  used  in  making  ferroalloys  came 
from "  the  Shasta  and  California  deposits  in  Shasta 
County.  Steel  furnace  lump  ore  has  been  obtained  from 
the  Bessemer,  Iron  Mountain  (Silver  Lake),  Iron  Age, 
and  Amboy  deposits,  all  in  San  Bernardino  County. 
Most  of  the  iron  ore  used  for  heavy  aggregate  and  ship 
ballast,  has  come  from  the  Shasta  and  California,  Aptos 
Beach  (Santa  Cruz  County),  Eagle  Mountain,  and 
Bessemer  deposits. 

•  Partly  extracted  from  a  section  by  James  AV.  Vernon,  in  California 
Division  of  Mines  Bulletin  156,  1950. 
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Mineralogy  and  General  Geology.  The  principal 
iron  ore  minerals  are  hematite  (PcaOa)  ;  magnetite 
(PeO-PeaO,-!)  ;andlimonite  [FeO(OH)  mUHoO)]  which, 
with  other  hydrous  oxides,  forms  what  is  known  commer- 
cially as  "brown  ore."  Siderite  (PeCO.s)  does  not  occur 
in  commercial  quantities  in  the  United  States.  Pyrite 
(PeS2),  one  of  the  commonest  iron-bearing  minerals,  is 
undesirable  as  an  ore  of  iron  because  of  its  high  sulfur 
content.  Hematite,  tlie  most  abundant  iron  ore  mineral, 
contains  69.9  percent  iron,  and  occurs  both  in  a  black, 
hard  crystalline  form,  and  a  red  soft,  earthy  form. 

Magnetite,  a  black,  heavy  mineral  (specific  gravity 
about  5.2)  with  72.4  percent  iron  content  is  characterized 
by  strong  natural  magnetism.  Limonite  ores  are  mineral- 
ogically  complex  and  commonly  contain  earthy  admix- 
tures which  reduce  the  iron  content  appreciably  below 
the  ideal  57  to  66  percent  range.  Brown  ores  range  in 
hardness  from  1  to  5  on  Mohs'  scale  and  commonly  have 
a  yellow  (ocherous)  color. 

Taconite  is  a  hard,  siliceous  sedimentary  rock  that  is 
especially  abundant  in  the  Mesabi  Range  in  the  Lake 
Superior  region.  It  contains  25  to  30  percent  iron,  mostly 
disseminated  as  oxides,  silicates,  and  carbonates.  The 
first  commercial  production  of  iron  from  taconite  ores 
began  in  1956,  after  nearly  a  decade  of  intensive  research 
and  experiment  to  develop  an  economically  successful 
process. 

Most  of  the  world's  iron  output  has  been  obtained 
from  deposits  of  three  general  modes  of  origin :  (1)  mag- 
matic  deposits,  or  those  that  have  crystallized  from 
magmas  to  form  large  irregular  masses  or  veins;  (2) 
sedimentary  deposits,  in  which  iron  minerals  and  sili- 
ceous materials  appear  to  have  been  simultaneously 
precipitated  in  subaqueous  environments;  and  (3)  resid- 
ual deposits,  which  have  been  developed  from  the 
weathering  of  sedimentary  deposits.  The  ore  bodies  of 
magmatic  origin  are  characterized  by  predominance  of 
magnetite,  although  hematite  commonly  has  formed  from 
post-magmatic  processes.  Magmatic  deposits,  although 
commonly  higher  grade,  are  less  numerous,  and  com- 
monly smaller  than  sedimentary  or  residual  deposits. 
Among  the  largest  and  mo.st  productive  magmatic  de- 
posits in  the  world  are  the  high-grade  magnetite  ore 
bodies  near  Kiruna,  Sweden.  Among  the  most  productive 
magmatic  deposits  in  the  United  States  are  the  magnetite 
ores  of  the  Adirondacks,  New  York. 

Sedimentary  deposits  commonly  contain  hematite 
and/or  limonite,  and  less  commonly  siderite.  The  Clinton 
ores  mined  from  New  York  to  Alabama  are  among  the 
most  extensive  and  productive  examples  of  this  type. 

Residual  deposits  commonly  contain  hematite  or  limo- 
nite. Some  of  the  largest  and  richest  deposits  of  this  type 
are  the  hematite  bodies  of  the  Lake  Superior  region, 
which  have  yielded  about  80  percent  of  the  iron  ore  used 
in  the  United  States.  The  most  productive  area  in  this 
district  is  the  Mesabi  Range. 
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FiGUBE  2.  Production  of  usable  iron  ore  containing  less  than  5  percent  manganese  in  California,  >  1936  to  1956,  and  consumption  of 
iron  ore,  including  sinter,  in  California  for  production  of  pig  iron,  1945  to  1953,  both  in  long  tons.  (Data  from  V.  S.  Bur.  Mines  Mineriils 
Tearhooks  and  Mineral  Market  Reports.) 


Contact  metamorphic  deposits,  such  as  occur  in  Cali- 
fornia, generally  consist  of  magnetite  and  hematite,  and 
have  formed  by  replacement  of  carbonate  rocks  near 
contacts  with  granitic  rocks.  This  type  of  deposit  has 
yielded  only  a  very  small  proportion  of  the  world's  iron 
ore.  Whereas  most  of  the  major  iron  deposits  of  the 
world  contain  reserves  that  are  measured  in  billions  of 
tons,  the  Eagle  Mountain  deposit,  by  far  the  largest  in 
California,  has  reserves  measurable  only  in  tens  of 
millions  of  tons.  No  sedimentary  or  residual  deposits  of 
commercial  interest  have  been  noted  in  California. 

Localities  in  California.  Although  hundreds  of  oc- 
currences of  iron  ore  minerals  are  known  in  California, 
production  has  been  recorded  from  only  about  30  de- 
posits, of  which  eight  have  yielded  more  than  10,000  tons 
of  ore,  and  only  two  more  than  one  million  tons.  During 
World  War  II,  13  of  the  more  important  iron-bearing 


localities  in  California  were  studied  by  the  U.  S.  Geo- 
logical Survey  and  the  U.  S.  Bureau  of  Mines.  Results 
of  these  investigations,  including  geologic  maps  and  data 
obtained  by  trenching  and  drilling  the  deposits,  were 
published  in  1948  as  Bulletin  129  of  the  California  Divi- 
sion of  Mines  (Lamey,  et  al.,  1948).  Nine  of  these  locali- 
ties lie  within  an  iron-bearing  province  in  Riverside  and 
San  Bernardino  Counties,  southeastern  California.  Two 
other  deposits  are  in  Shasta  County.  Sierra  and  Madera 
Counties  contain  one  each.  Features  of  these  deposits 
are  briefly  summarized  in  table  1.  The  deposits  of  River- 
side, San  Bernardino,  and  Shasta  Counties  are  contact- 
metamorphic  in  origin  and  show  the  replacement  of 
carbonate  strata  by  iron-bearing  minerals.  The  minerali- 
zation is  genetically  related  to  nearby  intrusive  rocks; 
the  iron  deposits  ordinarily  are  at  or  near  the  intrusive 
contacts.  In  many  places  the  mineralization  was  localized 


Iron  Industries — Gay 


249 


by  the  intrusive  contact,  but  control  by  faulting  and 
fracturing  in  the  intruded  rocks  is  also  common. 

The  Eagle  Mountain  iron  deposits,  the  largest  known 
in  California,  are  in  Riverside  County  60  miles  east  of 
Indio  (Hadley,  1949,  pp.  1-24;  McMillan,  1943).  They 
are  interlayered  with  a  series  of  complexly  folded  and 
faulted  metasedinientary  rocks  and  are  genetically  re- 
lated to  sill-like  masses  of  quartz  monzonite  which  in- 
trude the  series.  The  ore  bodies  have  formed  mainly  by 
the  replacement  of  dolomite  by  magnetite.  Five  major 
ore  bodies  occur  in  a  mineralized  zone  more  than  6  miles 
long  and  about  a  quarter  of  a  mile  wide.  They  are  600 
to  1,500  feet  long,  70  to  300  feet  thick,  and  extend  200 
to  750  feet  down  dip  (Lamey,  et  al.,  1948,  p.  3).  Much 
of  the  magnetite  has  been  altered  to  hematite.  Pyrite, 
which  averages  about  3  percent  in  fresh  ore,  has  gen- 
erally been  removed  by  oxidation  to  an  average  depth  of 
200  feet.  The  ore  mined  for  blast-furnace  feed  aver- 
aged about  52.5  percent  iron  until  1954  when  a  benefi- 
ciation  plant  was  installed  to  raise  the  average  grade  to 
about  55  percent  iron. 

The  Vulcan  deposit,  9  miles  southeast  of  Kelso,  north- 
eastern San  Bernardino  County,  consists  of  two  ore- 
bodies;  the  exposure  of  the  larger  one  is  700  feet  long 
and  325  feet  wide.  The  ore  minerals  are  magnetite  and 


hematite,  with  limonite  present  locally.  The  orebodies 
are  replacements  of  limestone  and  lie  near  a  limestone- 
monzonite  contact  (Lamey,  et  al.,  1948,  p.  90). 

All  of  the  other  major  iron  deposits  in  the  southern 
California  area  are  in  San  Bernardino  County,  and 
include  the  Bessemer  (Iron  Mountain)  and  Morris  Lode 
deposits  (Lava  Beds  district),  about  26  miles  southeast 
of  Daggett ;  the  Iron  Mountain  and  Iron  King  deposits 
(Silver  Lake  district)  about  15  miles  northwest  of 
Baker;  the  Old  Dad  Mountain  depo.sit,  about  20  miles 
southeast  of  Baker;  the  Iron  Hat  (Ironclad)  deposits 
about  6  miles  north  of  Cadiz;  the  Ship  Mountains  de- 
posit, about  3  miles  east  of  Siam ;  and  the  Kingston 
Range  (Beck)  deposits,  about  37  miles  northeast  of 
Baker.  The  ore  minerals  at  all  these  deposits  consist  of 
magnetite  with  subordinate  hematite,  and  minor  limo- 
nite. The  grade  of  most  of  these  deposits  ranges  from 
less  than  30  to  more  than  60  percent  iron.  The  detri- 
mental impurities  phosphorus  and  sulfur  are  present, 
but  within  commercial  limits,  in  most  of  the  orebodies 
of  these  deposits. 

The  California,  Shasta,  and  Ilirz  Mountain  iron  de- 
posits in  Shasta  County  also  are  contact-metamorphie 
replacements  of  calcareous  sediments  associated  with 
granitic  intrusive  rocks. 
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Figure  4.  Section  through  North  and  South  orebodles,  Eagle  Mountain  iron  mine,  Riverside  County,  California.  Two  ore-bearing  cal- 
careous beds,  40  to  80  and  90  to  400  feet  wide,  are  separated  by  50  to  250  feet  of  quartzite.  Section  shown  is  near  east  end  of  broad,  east- 
trending  anticline,  whose  crest  and  south  limb  have  been  removed  by  erosion.  (Section  and  data  courtesy  of  K.  B.  Powell,  Superintendent 
of  Raiv  Materials,  Kaiser  Steel  Corporation.) 


Iron  deposits  in  Sierra  County  near  Lake  Hawley  and 
Spencer  Lakes  are  magnetite  replacements  of  clastic  sedi- 
ments, tuffs,  and  lamprophyre  dikes.  The  magnetite  is 
probably  genetically  related  to  nearby  bodies  of  meta- 
diorite.  These  deposits  have  been  dynamothermally 
metamorphosed.  The  Minarets  deposits  of  Madera  County 
are  flat-lying  magnetite-rich  lenses  in  a  sequence  of  meta- 
morphosed volcanic  rocks.  Sedimentary  and  magmatic 
iron  deposits  are  uncommon  in  California. 

Reserves.  Iron  ore  reserves  of  California  have  been 
conservatively  estimated  at  100  to  150  million  tons,  of 
which  about  half  is  considered  to  be  sub-marginal  under 
present  economic  conditions  (Lamey,  et  al.,  1948,  p.  x). 
The  nine  largest  deposits  of  southeastern  California  con- 
tain approximately  three-fourths  of  the  known  reserves. 
The  Eagle  Mountain  deposits  alone  contain  at  least  one- 
third  of  the  total  known  reserves.  These  deposits  were 
estimated  in  1948  to  contain  28,000,000  tons  of  measura- 
ble ore  assaying  30  percent  iron  or  more ;  an  additional 
15,000,000  tons  containing  45  to  50  percent  iron  was  in- 
ferred (Lamey,  et  al.,  1948,  pp.  12,  13).  Subsequent 
exploration  has  increased  the  known  reserves  of  the  de- 
posits so  that  at  the  present  rate  of  mining  (1|  to  2  mil- 
lion tons  of  ore  per  year),  ore  for  25  years  operation  of 
the  Fontana  plant  has  been  proved  (Powell  1953). 

History.  The  first  iron  foundries  and  forges  on  the 
west  coast  were  built  in  San  Francisco  to  meet  the  de- 
mand for  iron  and  steel  products  in  the  years  during  and 
following  the  Gold  Rush  of  1849.  The  raw  material  for 
these  early  operations  was  mainly  scrap  iron  from  rail- 
road and  mine  machinery  brought  by  sailing  vessels 
around  the  Horn.  Nearly  a  score  of  California  iron  de- 
posits reported  production  before  World  War  II,  but 


their  output  of  iron  ore  was  discontinuous  and  relatively 
minor.  Except  for  two  small-scale  pig  iron-producing 
operations,  at  Hotaling,  Placer  County,  and  Heroult, 
Shasta  County,  almost  all  of  the  iron  ore  produced  in 
California  before  World  War  II  was  used  as  a  minor 
ingredient  in  local  steel  and  iron  works. 

No  output  of  iron  ore  in  California  was  recorded  be- 
fore 1880,  when  the  California  Iron  Works  blast  furnace 
was  built  near  Clipper  Gap,  Placer  County  (Logan  1927, 
p.  281).  About  30  tons  of  high-quality  pig  iron  was  pro- 
duced per  day  from  ore  mined  at  the  nearby  Hotaling 
mine ;  charcoal  was  used  for  fuel,  and  local  limestone  for 
flux.  Most  of  the  output  was  used  for  railroad  car  wheels 
and  axles,  but  some  was  sold  to  other  California  iron 
works.  In  1886,  the  operation  closed  because  of  competi- 
tion from  iron  brought  in  as  ship  ballast,  and  depletion 
of  reserves  of  high-grade  ore.  During  the  6-year  life  of 
the  operation,  30,736  tons  of  pig  iron  valued  at  $263,991 
were  produced  (Hodge  1935,  appendix  E-5,  p.  3).  Prom 
1907  to  1914,  the  Noble  Electric  Steel  Company  pro- 
duced high-quality  pig  iron  in  an  electric  furnace  at 
Heroult,  Shasta  County,  using  ore  from  the  nearby 
Shasta  Iron  Company  deposit.  The  daily  capacity  of  this 
operation  was  25  tons  of  pig  iron.  Charcoal,  quartz,  and 
limestone  from  local  sources  were  used  in  the  furnace 
charge.  After  the  World  War  started  in  1914,  the  opera- 
tion was  converted  to  the  production  of  ferromanganese 
and  f errosilicon,  but  post-war  economic  pressure  forced  it 
to  close. 

From  World  War  I  to  World  War  II,  California 's  iron 
and  steel  foundry  industry  continued  to  expand,  di- 
versify, and  consolidate,  to  keep  pace  with  the  state's 
expanding  industrial  economy.  California's  iron  and. 
steel  furnaces  continued  to  be  charged  with  out-of-state 
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Figure  G.  Iron  ore  beneficiation  facilities  at  Kaiser  Steel  Corporation's  Eagle  Mountain  mine,  viewed  westerly.  Aloie  than  SO  percent  of 
the  mine's  output  is  beneficiated  by  magnetic  and  heavy-media  processes,  raising  the  average  grade  of  all  ore  shipped  to  about  60  percent 
iron.  Railroad  car  loading  facilities,  dumps  of  Bald  Eagle  pit,  and  portions  of  Eagle  Mountains  in  right  distance.  Photo  courtesy  of  Kaiser 
Steel  Corporation. 


pig  iron  and  scrap  until  World  "War  II  when  demands 
for  increased  steel  production  provided  the  stimulus  for 
Kaiser  Steel  Corporation  to  produce  iron  from  local  iron 
ores.  The  Vulcan  mine,  near  Kelso,  San  Bernardino 
County,  was  developed  first  largely  because  it  was  close 
to  existing  railroad  transportation,  whereas  wartime  ma- 
terial restrictions  delayed  construction  of  transportation 
facilities  to  the  larger  Eagle  Mounain  deposit  in  River- 
side County.  The  Vulcan  mine  yielded  a  total  of  2,643,- 
000  tons  of  blast  furnace  ore  from  1942  to  1948.  Deple- 
tion of  the  easily  mined  reserves  and  high  sulfur  content 
in  the  deeper  Vulcan  ore  were  contributory  reasons  for 
its  closing,  and  the  opening  of  the  Eagle  Mountain  mine, 
in  1948,  as  a  continuing  supply  of  blast  furnace  feed. 
From  1948  to  mid-1956,  more  than  9  million  tons  of  blast 
furnace  ore  have  been  produced  at  Eagle  Mountain.  In 


1952-53  the  Iron  Mountain  (Silver  Lake)  deposits,  about 
15  miles  northwest  of  Baker,  San  Bernardino  County, 
yielded  about  20,000  tons  of  blast  furnace  ore,  on  a  test 
basis,  for  Kaiser  Steel  Corporation.  Demand  for  iron 
ore  for  export  to  Japan  led  to  production  of  about 
16,000  tons  from  the  Bessemer  mine,  about  26  miles 
southeast  of  Daggett,  and  about  3,400  tons  from  the 
Iron  Age  mine,  22  miles  east  of  Twentynine  Palms,  San 
Bernardino  County,  in  1951. 

Notable  events  in  the  history  of  California's  iron  industry 

Year  Event 

1849  Union  Iron  Works,  San  Francisco,  produced  first  casting 
made  in  California.  Vulcan  Iron  Works,  Miner's  Foundry, 
Pacific  Iron  Works  reported  active. 

1868  Pacific  Rolling  Mills,  San  Francisco,  produced  first  hot- 
rolled  iron  bars,  using  railroad  scrap  (largely  from 
England)  and  coal  from  Australia. 
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1S80  First  California  iron  ore  produced  at  Hotaling  mine, 
Placer  County,  and  converted  to  pig  iron  in  local  blast 
furnace,  using  charcoal   (1880-86). 

1881  First  steel  rolled  in  California  from  steel  blooms  brought 
from   Europe. 

1884  Pacific  Rolling  Mills,  San  Francisco,  produced  first  heat 
of  steel  made  in  California,  from  English  pig  iron,  Spanish 
iron  ore,  and  local  scrap. 

1888-93  Union  Iron  Worlds,  San  Francisco,  built  cruisers  Charles- 
ton, Olympic,  San  Francisco,  and  battleships  Wisconsin, 
and  Oregon. 

1907-1-1  Xoble  Electric  Steel  Company  produced  pig  iron  in  elec- 
tric furnace  at  Heroult  from  ore  mined  at  Shasta  Iron 
Company  mine ;  produced  ferroalloys  in  same  furnace 
from  1914  to  1917. 

1942  Kaiser  Steel  Corporation  established  integrated  steel  plant 
at  Fontana,  with  first  modern  blast  furnaces.  Used  ore 
from  Vulcan  mine,  San  Bernardino  County,  for  blast  fur- 
nace feed. 

1948  Kaiser  Steel  Corporation  shifted  mining  operation  from 
Vulcan  mine  to  Eagle  Mountain  mine.  Riverside  County, 
California's  only  active  source  of  blast  furnace  ore  in 
1956. 


FiouRE  7.  Beck  (Kingston  Range)  iron  deposit,  near  Beck 
Spring,  San  Bernardino  County.  View  westerly  at  Iron  Gossam 
.Xo.  5  claim,  main  outcrop  of  deposit.  The  dark  colored,  iron-bear- 
ing body  (hillcrest,  center)  is  100  to  150  feet  thick,  and  dips  steeply 
lietween  diabase  (left)  and  limestone  of  the  pre-Cambrian  Crystal 
Spring  formation.  In  foreground  is  dump  and  portal  of  300-foot 
Heck  exploration  adit.  Five  diamond  drill  holes,  drilled  from  left 
side  of  outcrops,  penetrate  the  body  shown. 


Utilization 

About  96  percent  of  the  iron  ore  consumed  in  Cali- 
fornia is  for  blast  furnace  feed;  about  3  percent  is  for 
low-heat  cement  and  less  than  one  percent  is  used  as 
lump  ore  in  steel  furnaces.  Pigment  and  ferroalloy 
manufacture,  and  ship  ballast  have  utilized  minor  ton- 
nages of  iron  ore  in  (California.  Iron  ore  also  is  used  in 
heavy  media,  foundry  sands,  and  drilling  muds  but  a 
negligible  amount  of  the  iron  ore  mined  in  California 
is  thus  consumed. 

Blast  Furnace  Feed.  For  use  in  blast  furnaces,  the 
iron  content  of  ore  should  be  at  least  50  percent;  the 
average  natural  content  of  all  ore  mined  in  the  United 
States  in  1953  was  50.36  percent  Fe  (Forbes  1956,  p. 
552)  ;  about  30  percent  of  this  ore  was  beneficiated  before 
use.  As  sulfur  is  a  highly  objectionable  impurity,  ores 
containing  more  than  0.1  percent  are  commonly  un- 
acceptable. Phosphorus  should  be  less  tlian  0.1  percent  of 
the  ore  if  the  resultant  iron  is  to  be  used  for  steel ;  as 
much  as  2  percent  is  acceptable  in  ores  for  some  of  the 
rarely  used  types  of  iron.  Ores  that  contain  0.045  per- 
cent phosphorus  or  less  are  classified  "Bessemer';  those 
with  0.045  to  0.180  percent  phosphorus  as  "non  Besse- 
mer" because  the  resulting  iron  cannot  be  converted  to 
steel  by  the  Bessemer  process.  Lime,  alumina,  silica,  and 
magnesia  in  amounts  of  as  much  as  several  percent  are 

Tah'.e  2.     Generalised  specifications  for  desirable  iron  ore  for  blast 
furnace  feed.  From  V.  S.  Bur.  Mines,  ]!),')6.  p.  }'IF-.i. 

A.  Size  analysis  *  : 

Screen  size                                                            Percent  passing 
2-inch   lOO 

1-inch   70 

^t-inch     : not  more  than  20 

*  Ideal  ore  would  be  uniform  in  size,  about  ore-quarter-inch  in  diameter. 

B.  Chemical  composition : 

Components  Percentage 

Fe 50-55 

Mn 0.8-1.5 

SiOs -I- AI2O3 10  (max.) 

CaO  -t-  MgO (usually  low) 

P 0.18  (max.) 

S 0.10  (max.) 

Cu,  Pb,  Zn,  As,  V,  Or,  Ni 0.05  (combined) 

TiOj 1.0  (max.) 

H2O 10  (max.  I 


Figure  8.  Iron  Mountain  (Silver  Lake)  iron  deposit,  San  Bernardino  County,  viewed  \vesieri.\.  i>.iik  Muirr mij-,  with  l)enches  from  1952- 
1953  mining  operation,  are  largely  magnetite-rich  breccia,  in  low-angle  contact  with  brecciated  dolomite  and  andesite,  all  of  Tertiary  (?) 
age.  Rounded  hills  in  left  background  are  largely  pre-Tertiary  (?)  igneous  rocks;  Quaternary  alluvium  and  colluvium  surrounds  the  vis- 
ible iron-bearing  outcrops.  ~ 
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Figure  9.  Cave  Canyon  iron  deposit  near  Afton  Canyon,  on  southeast  flanl5  of  Cave  Moun- 
tain, San  Bernardino  County,  viewed  northwesterly.  Dark  areas  in  the  open  cut  are  remnants 
of  magnetite-  and  hematite-rich,  steeply  inclined  orebodies  formed  mainly  by  contact  meta- 
morphic  replacement  of  limestone  and  dolomite  associated  with  gneissic  and  quartzitie  rocks,  all 
possibly  pre-Cambrian  in  age.  Ore  from  this  deposit  is  used  in  cement  manufacture. 


desirable  impurities,  as  they  have  fluxing  and  slagging 
properties. 

Cement  Manufacture.  The  second  largest  market  for 
California  iron  ore  is  in  the  manufacture  of  low-heat 
Portland  cement.  Such  cement,  which  contains  about  5 
percent  iron  oxide  (FeO)  as  a  chemical  ingredient, 
evolves  15  to  35  percent  less  heat  of  hydration  during 
setting  than  do  regular  or  high-early-strength  cements 
(Shreve,  1945,  pp.  190-191,  198-199).  Low-heat  cement 
is  used  in  massive  structures,  such  as  dams,  to  minimize 
cracking  of  the  structure  from  internal  thermal  stresses. 

To  make  low-heat  cement,  iron-bearing  substances  are 
ground  and  added  to  the  regular  cement  ingredients  be- 
fore they  are  fused  to  form  clinker.  Roll  scale  or  pyrite 
cinders  are  the  main  sources  of  iron  for  the  northern 
California  producers  of  high-iron  cement,  and  for  about 
half  of  the  producers  in  southern  California.  About 
40,000  tons  of  iron  ore  are  used  each  year  for  this  pur- 
pose by  southern  California  cement  manufacturers.  Iron 
present  in  laterite  (iron-  and  alumina-rich  residual  clayey 
soil)  mined  in  large  tonnages  near  lone,  Amador  County, 
primarily  for  its  alumina  content,  provides  a  large  share 
of  one  northern  California  cement  manufacturer's  re- 
quirements of  iron  for  this  purpose. 

Although  the  specifications  for  iron  ore  for  cement 
manufacture  are  not  released  by  the  manufacturers, 
high  iron  content  is  desirable.  Most  of  the  iron  ore  pro- 
duced in  California  for  this  use  contains  60  percent 
or  more  iron. 

The  principal  sources  of  iron  ore  for  cement  manu- 
facture are  the  Cave  Canyon  and  Vulcan  mines,  which 
have  supplied  this  market  since  about  1930  and  1951 


Tahle  3.  Iron  ore  consumed  in  California  for  the  manufacture  of 
high-iron  cement,  1944-56.  Data  from  V.  8.  Bureau  of  Mines 
Minerals  Yearbooks,  except  as  noted. 

Year  Net  tons         Year  Net  tons 


1956 42,500' 

1955 42,500 » 

1954 42,5001 

1953 43,484 

1952 44,579 

1951 39,242 

19.50 33,881 

1  Estimated. 


1949 29,945 

1948 38,062 

1947 35,112 

1946 48,172 

1945 20,583 

1944 16,298 


respectively.  Each  property  is  worked  for  several  months 
at  approximately  2-year  intervals,  and  35,000  to  50,000 
tons  of  ore  is  stockpiled.  This  supply  lasts  about  2  years, 
when  another  batch  is  mined.  In  1949  and  1950,  before 
the  Vulcan  mine  output  was  put  to  use  in  cement  manu- 
facture, about  17,500  tons  of  iron  ore  was  obtained  from 
the  Morris  Lode  mine  for  this  use,  as  were  about  10,000 
tons  from  the  Bessemer  mine  in  1951. 

Lump  Ore  in  Steel  Furnaces.  Relatively  small  ton- 
nages of  high-grade  iron  ore  are  used  in  open-hearth 
steel  furnace  charges  to  provide  oxygen  to  oxidize  car- 
bon, silicon  and  phosphorus  from  the  molten  bath  in  the 
later  stages  of  the  steel-refining  process.  Iron  ore  may  be 
used  similarly  in  electric  furnace  manufacture  of  steel, 
but  the  tonnage  of  ore  consumed  in  California  in  electric 
steel  furnaces  is  negligible.  Lump  ore  is  thus  named  be- 
cause it  must  be  in  hard,  large  pieces,  generally  between 
one  and  ten  inches  in  diameter,  with  no  fines.  Maximum 
iron  content  is  desirable,  because  high-iron  ores  are  the 
densest  and  because  such  ores  introduce  fewer  im- 
purities while  providing  the  most  available  oxygen  per 
unit  of  volume.  High  silica  content  is  undesirable  in 
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TdbJe  .}.     Specifications  for  iron   ore    (lump   ore)    used  in   open- 
hearth  steel  furnaces  by  three  large  steel-producing  companies. 

A.   Size  requirement : 

Consumer  A    Consumer  B    Consumer  C 

Maximum   lump 12  in.  -  Sin.  10  in. 

Minimum   lump   1  in.  _  2  In. 

Fines less  than  Free  of 

10%  smaller    fines, 
than  1  inch. 
H.  Chemical  Composition 
(percent) 

Iron    (minimum)    65  60  6.5 

Sulfur   (maximum)    "low"  0.05  0.05 

Phosphorus  (maximum) "low"  _  0.05 

Silica   (maximum) "low"  5  5 

lump  ore  for  basic  open-hearth  furnace  use  because  the 
siliceous  slag  that  forms  from  such  ores  corrodes  the  fur- 
nace lining  unless  additional  limestone  is  added. 

Lump  ore  generally  constitutes  less  than  5  percent  of 
the  charge  of  the  open-hearth  furnace.  Oxygen  supplied 
directly  to  the  molten  steel,  and  roll  scale  (which  forms 
by  surface  flaking  when  steel  is  hot-rolled)  are  used  in 
place  of  lump  ore  in  many  of  California's  open-hearth 
furnaces.  Kaiser  Steel  Corporation  brings  in  several 
thousand  tons  of  lump  ore  from  Utah  each  month  for 
the  nine  open-hearth  furnaces  at  Ponta'na.  The  total 
lump  ore  requirements  of  all  other  steel-making  facili- 
ties in  California  are  estimated  to  be  less  than  1,000 
tons  per  month.  Depending  on  quality,  most  lump  ore 
used  in  California  costs  from  15  to  20  dollars  per  ton 
delivered ;  imported  ore  of  exceptional  quality  has  been 
sold  here  for  as  much  as  $28  per  ton. 

The  ore  from  most  of  the  iron  deposits  in  California 
contains  too  much  sulfur  for  use  as  lump  ore  in  steel 
furnaces.  Selected  ore  from  several  mines,  including  the 
Iron  Mountain  mine  (Silver  Lake  district),  the  Amboy 
deposits,  about  4  miles  northwest  of  Amboy,  and  the 
Iron  Age  mine,  about  13  miles  east  of  Dale  Lake,  all  in 
San  Bernardino  County,  has  been  used  successfully,  but 
most  lump  ore  is  brought  into  the  state  from  deposits 
in  Utah,  Colorado,  Nevada,  Vancouver,  B.  C,  and  South 
America. 

In  1952  and  1953,  about  50,000  tons  of  lump  ore  was 
mined  from  the  Iron  Mountain  mine  for  use  by  Kaiser 
Steel  Corporation  as  part  of  a  test  program.  In  1953, 
about  10,000  tons  of  ore  that  averaged  68  percent  iron 
were  mined  at  the  Amboy  mine,  and  shipped  to  Ohio 
where  it  was  sold  as  lump  ore  for  about  $22  per  ton. 
Starting  in  November  1956,  ore  containing  about  66  per- 
cent iron,  0.03  percent  sulfur,  and  0.06  to  0.07  percent 
phosphorus  was  mined  at  the  Iron  Age  mine  for  sale  to 
Kaiser  Steel  Corporation  for  use  as  lump  ore,  on  a  15,- 
000-ton,  6-month  contract.  About  50  tons  per  day  of 
float  and  near-surface  ore  was  mined  and  trucked  40 
miles  to  Amboy,  where  it  was  sold  for  $13  per  ton,  f.o.b. 
cars.  A  small  tonnage  of  ore  from  the  Hilltop  mine, 
about  6  airline  miles  north  of  Trinity  Center,  Trinity 
County,  was  shipped  to  the  Pacific  States  Steel  Com- 
pany at  Niles  in  1956.  Minor  tonnages  have  been  mined 
during  brief  periods  for  this  use  at  several  California 
deposits  in  the  past,  but  production  data  are  not  available. 

Ship  Ballast  and  Heavy  Aggregate.  Iron  ore,  because 
of  its  high  specific  gravity,  has  been  used  as  an  inexpen- 
sive material  for  the  ballasting  of  ships,  for  counter- 


balances for  bascule  bridges,  as  a  weight  in  heavy  rollers, 
and  as  shields  in  atomic  reactors.  Ore  may  be  used  either 
in  its  natural,  broken  state,  as  in  the  holds  of  ships,  or 
as  an  aggregate  in  heavy  concrete.  Depending  on  the 
purity,  magnetite  and  hematite  ore  (specific  gravity 
about  5.3)  weigh  from  about  250  pounds  per  cubic  foot, 
for  50  percent  ore,  to  about  330  pounds  per  cubic  foot 
for  100  percent  ore.  Ordinary  concrete  weighs  about  145 
te  150  pounds  per  cubic  foot,  so  an  increase  in  specific 
weight  of  50  to  85  percent  is  possible  in  concrete  made 
with  iron  ore  substituted  for  sand  and  gravel  aggregate. 
For  use  as  ship  ballast,  iron  ore  should  weigh  more  than 
210  pounds  per  cubic  foot  (Ij.  W.  O'Donnell,  Bethlehem 
Pacific  Coast  Steel  Corp.,  personal  communication, 
1953).  Concrete  weighing  more  than  250  pounds  per 
cubic  foot  has  been  extensively  used  for  permanent  bal- 
last in  ships  (ASTM  1956,  p.  218).  The  ore  should  be 
compact  and  hard,  and  of  maximum  iron  content — pre- 
ferably more  than  60  percent  iron.  Chemical  impurities, 
other  than  those  that  might  react  with  cement,  are  not 
detrimental. 

During  World  War  II,  about  360,000  long  tons  of 
magnetite  ore,  of  4.5  specific  gravity,  were  used  as  bal- 
last in  ships  constructed  on  the  Pacific  Coast  (Severy, 
1948,  p.  3),  all  in  the  form  of  heavy  concrete.  About 
325,000  tons  of  iron  ore  were  mined  for  this  purpose  in 
California  from  1942  through  1945  (Severy  1948,  p.  3). 
About  300,000  tons,  averaging  more  than  67  percent 
iron,  were  obtained  from  the  Shasta  and  California  de- 
posits; 2,000  tons  from  the  Bessemer  mine;  13,000  tons 
from  the  Eagle  Mountain  mine ;  and  10,000  tons  of  fine- 
grained beach  magnetite  from  Aptos,  Santa  Cruz 
County.  The  most  recent  reported  production  of  Cali- 
fornia iron  ore  for  use  as  heavy  aggregate  was  in  1948 
at  the  Shasta  and  California  deposits.  This  ore,  which 
contained  a  minimum  of  58  percent  iron,  and  had  a 
specific  gravity  of  not  less  than  4.5  was  valued  at  $8  per 
net  ton,  f.o.b.  cars,  Redding.  Since  1953,  several  thou- 
sand tons  of  iron  ore  mined  in  Nevada  have  been  con- 
sumed in  California  as  heavy  aggregate.  An  undeter- 
mined but  small  tonnage  of  titaniferous  magnetite  from 
Ilermosa  Beach  and  Sand  Canyon,  Los  Angeles  County, 
has  been  used  locally  to  make  heavy  concrete. 

Paint  Pigment.  In  their  finely  divided  state,  iron  ore 
minerals  have  long  been  used  as  natural  pigments,  or 
mineral  paint,  for  their  yellow,  brown,  and  red  colors. 
Hematite  has  a  characteristic  red  color  and  the  hydrous 
oxide  limonite  is  yellow;  these  colors  may  be  modified 
by  calcination,  or  by  admixture  of  other  substances.  The 
earthy,  commonly  impure,  natural  mixture  that  consists 
mainly  of  clay  permeated  with  hydrous  iron  oxides  is 
called  ocher.  A  yellow  color  is  characteristic,  but  reddish 
hues  occur  where  hematite  is  present  or  when  the  ocher 
is  calcined. 

The  use  of  natural  pigments  has  declined  in  recent 
years,  while  synthetic  pigments  have  become  more  and 
more  widely  used.  The  principal  use  of  natural  iron 
pigments  is  in  paint  for  relatively  non-exacting  pur- 
poses, such  as  for  freight  cars,  barns,  roofs,  and  industrial 
applications  where  slight  color  variation  is  permissible, 
and  low  cost  is  desirable. 

The  following  factors  have  influenced  the  trend  away 
from  natural  pigments:   (1)   a  greater  number  and  va- 
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FuiiKi;  10.  The  three  l)liist  furnaces  at  Kaiser  Steel  ('Drporation's  Fontaua  iiluiit,  San  Ber- 
nardino County.  The  three  tank-like  structures  from  which  pipes  lead  upwards  to  the  blast 
furnaces  cleanse  the  gases  resulting  from  the  burning  of  coke  in  the  furnaces,  for  use  in  the 
coke  plant.  Railroad  ears  (right)  are  removing  slag;  horizontal  tank-like  railroad  cars,  barely 
visible  beneath  spectators,  will  carry  molten  iron  to  open  hearth  furnaces  for  conversion  to  steel. 
Photo  courtesy  of  Kaiser  Steel  Corporation. 


riety  of  colors  are  available  in  synthetic  pigments  than 
in  natural  pigments;  (2)  closer  control  can  be  main- 
tained over  the  quality  of  synthetic  pigments  than  of 
natural  pigments;  (3)  color,  and  other  characteristics, 
tend  to  vary  from  place  to  place  within  a  given  deposit 
of  natural  pigment;  and  (4)  synthetic  pigments  are 
more  convenient  to  transport,  handle,  and  process  than 
are  most  natural  pigments.  The  low  cost  of  natural  iron 
pigment  (about  3  or  4  cents  per  pound  compared  to 
about  30  cents  for  synthetic  pigment)  is  its  principal 
competitive  advantage. 

For  use  as  pigment,  iron  ore  materials  should  have  a 
hardness  of  less  than  5,  to  permit  fine  grinding ;  should 
be  uniform  in  color ;  should  contain  50  to  90  percent 
iron  oxide,  with  little  or  no  silica,  alumina,  or  lime ;  and 
should  contain  no  sulfur,  zinc,  or  copper.  The  deposit 
should  be  large  enough  to  ensure  a  continuing  supply  of 
similar  pigment  for  a  number  of  years. 

Since  1950,  the  consumption  of  natural  iron  oxide  for 
manufacture  of  paint  pigment  in  California  has  been 
about  500  tons  per  year,  all  processed  by  one  firm,  C.  K. 
Williams  and  Company,  in  Emeryville,  Alameda  County 
(E.  G.  Ratcliffe,  personal  communication,  1956).  The 
raw  material  is  mainly  limonite,  obtained  from  Oregon, 
and  delivered,  crude,  in  Emeryville  for  $20  to  $25 
per  ton. 

More  than  50  deposits  of  iron  oxide  mineral  pigment, 
of  varied  quality  and  quantity,  have  been  reported  in 
California.  These  are  distributed  in  24  counties  (Symons 


1930).  Minor  tonnages  of  pigment  have  been  obtained 
from  most  of  these  deposits,  mainly  for  local  usage. 
Shipments  of  25,933  tons  of  pigment,  valued  at  $249,038, 
have  been  reported  from  more  than  a  score  of  deposits, 
in  14  counties,  during  the  period  1890  to  1946  (Averill, 
et  al.,  1948,  p.  82). 

Since  1946,  the  only  production  of  mineral  paint  in 
California  has  come  from  two  deposits:  one  near 
Ludlow,  San  Bernardino  County,  which  yielded  unde- 
termined but  small  tonnages  in  1947,  1948,  and  1949; 
and  the  Leona  Heights  deposits  in  Alameda  County 
which  yielded  a  small  tonnage  in  1951. 

Ferroalloys.  Where  necessary  in  the  manufacture  of 
ferroalloys,  such  as  ferrosilicon,  iron  may  be  introduced 
in  the  form  of  metallic  iron  (pig,  scrap,  or  cuttings), 
or  as  oxide  ore.  Modern  practice  favors  the  use  of  me- 
tallic iron  rather  than  iron  ore  for  this  purpose.  The 
three  firms  that  have  produced  ferroalloys  in  California, 
are  all  now  defunct.  Only  the  Noble  Electric  Steel  Com- 
pany operation,  at  Heroult,  Shasta  County,  used  iron 
ore.  This  firm  utilized  an  undetermined  tonnage  of  iron 
ore,  from  the  nearby  Shasta  and  California  deposits,  to 
make  ferromanganese,  ferrosilicon,  silicomanganese,  and 
ferrochromium  during  World  War  I.  The  ore  contained 
68  percent  Fe,  and  negligible  amounts  of  sulfur  and 
phosphorus. 

The  Pacific  Electro  Metals  Company  (later  the  Pacific 
Alloy  and  Steel  Company),  active  during  World  War  I 
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at  r>ay  Point,  Contra  Costa  County,  utilized  metallic 
iron  ill  the  form  of  cuttings  to  make  silico-manganese 
and  ferromanganese.  The  state's  principal  and  most  re- 
cently active  producer  of  ferroalloys,  the  Permanente 
Metals  Corporation  (now  Kaiser  Aluminum  and  Chem- 
ical Corporation),  also  used  metallic  iron  in  the  form 
of  scrap  cuttings  at  its  Permanente  plant,  Santa  Clara 
( 'ounty,  to  make  ferrosilicon. 

Heavy  Media.  In  the  heavy-media  process  of  ore 
separation  (American  Cyanamid  Co.,  1953)  finely 
ground  heavy  material  is  suspended  in  water  to  form 
a  "heavy  media"  with  liquid  characteristics.  The  specific 
tii-avity  of  the  resulting  medium  is  maintained  midway 
ix'tween  that  of  the  ore  and  the  gangue  minerals  to  be 
separated,  so  that  one  floats  and  the  other  one  sinks. 
Specific  gravity  of  the  medium  may  be  controlled  within 
0.01  of  the  optimum  specific  gravity  for  separation  of  a 
^iven  ore  and  gangue. 

Magnetite,  and  ferrosilicon  (85  percent  iron  and  15 
l)crceiit  silicon)  are  the  heavy  media  most  widely  used, 


because  they  are  easily  recovered  and  cleaned  by  mag- 
netic means,  relatively  low  in  cost,  readily  available, 
resistant  to  abrasion  and  chemical  action,  and  able  to 
form  fluid  media  over  a  wide  range  of  specific  gravities 
(1.25  to  3.40).  In  1956,  three  mineral  beiiefieiating  oper- 
ations in  California  were  using  the  heavy-media  process; 
ferrosilicon  was  the  heavy  medium  used  at  all  three 
operations.  Kaiser  Steel  Corporation  was  using  heavy 
media  at  Eagle  Mountain  mine  to  beneficiate  iron  ore; 
Kaiser  Aluminum  and  Chemical  Corporation  was  bene- 
ficiating  dolomite  at  Natividad,  Monterey  County ;  and 
Southern  Pacific  Milling  Company  was  beneficiating 
sand  and  gravel  for  aggregate  at  Santa  Maria,  Santa 
Barbara  County. 

Magnetite  is  prepared  as  heavy  media  in  several  east- 
ern states  and  abroad.  Three  grades  of  heavy  media 
magnetite  are  sold  by  a  large  producer  in  Pennsylvania; 
all  cost  $40  to  $45  per  ton  delivered  in  California. 
Grade  "A"  is  about  60  percent  minus  325  mesh  in  size, 
grade  "B"  about  90  percent  iiiinus  325  mesli,  and  grade 
"C"  about  45  percent  minus  325  mesh. 


FiGTTRE  11.  Casting  operation  at  one  of  the  1200-ton  blast  furnaces  of  Kaiser  Steel  Corporation's  Fontana  plant.  Molten  iron  flows 
llirough  the  runner  (bottom  right)  to  a  ladlo  car  while  the  impurity-laden,  lighter  slag,  which  floats  on  the  iron,  is  skimmed  off  and  directed 
through  the  more  distant  runner  into  slag  pits  to  the  right  of  this  picture.  Approximately  300  tons  of  molten  iron  are  drawn  from  each  of 
the  three  blast  furnaces  five  times  each  day.  Photo  courtesy  of  Kaiser  Steel  Corporation. 
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Foundry  Sands.  Finely  ground  hematite  is  mixed  in 
small  quantities  with  foundry  sand  at  many  California 
ferrous  metal  foundries.  The  hematite  is  used,  particu- 
larly in  cores,  to  lower  the  fusion  temperature  in  the 
sand,  thereby  increasing  its  plasticity  and  decreasing 
the  danger  of  distortions  due  to  expansion  of  the  core 
when  the  casting  is  poured.  The  California  foundry  in- 
dustry consumes  an  estimated  100  tons  of  hematite  per 
year  for  this  purpose.  Its  delivered  cost  is  about  $70 
per  ton.  The  pulverized  hematite  used  in  foundry 
sands  is  practically  identical  in  size  and  composition 
with  iron  ore  used  for  pigments.  In  California,  both 
products  are  manufactured  from  out-of-state  raw  ma- 
terials by  the  same  producer. 

Magnetite  sand,  graded  in  the  size  range  of  ordinary 
foundry  sand,  has  been  used  experimentally  in  alumi- 
num casting  practice  to  avoid  uneven  solidification. 
The  high  density  and  high  specific  heat  of  the  magnetite 
grains  enable  the  heat  from  the  poured  metal  to  be  ab- 
sorbed and  transmitted  rapidly,  thus  avoiding  the 
stresses  set  up  in  the  metal  during  uneven  solidification. 
Zircon  sand  has  been  most  commonly  used  for  this  pur- 
pose (see  section  on  special  sands  in  this  volume),  but 
recent  increases  in  the  cost  of  zircon  sand  may  lead  to 
its  partial  replacement  by  magnetite  sand  for  this  use. 
Zircon  sand  sold  for  about  $75  per  ton  in  1956,  compared 
to  an  approximate  cost  for  magnetite  sand  of  $5  to  $10 
per  ton. 

Drilling  Mud.  Finely  ground  iron  ore,  principally 
hematite,  was  commonly  used,  prior  to  1930,  in  oil  well 
drilling  muds,  to  increase  the  specific  gravity  of  the  mud. 
Barite,  which  is  more  economical  to  produce  in  ground 
form,  and  more  consistent  in  its  specific  gravity,  has 
completely  replaced  iron  ore  in  this  use. 

Marketing  of  Iron  Ore 

In  1956,  virtually  no  open  market  existed  in  Califor- 
nia for  the  two  classes  of  iron  ore  consumed  in  greatest 
quantity  in  California:  blast  furnace  ore,  and  ore  used 
in  the  manufacture  of  low-heat  cement.  Company-owned 
or  leased  mines  fulfilled  the  requirements  for  these  types 
of  ore  at  costs  generally  lower  than  could  be  met  by  inde- 
pendent operators.  For  example,  in  1955  blast  furnace 
ore  containing  55  percent  Fe  was  mined  at  Eagle  Moun- 
tain mine  and  delivered  at  Fontana,  for  a  total  cost  of 
about  $2.50  per  net  ton,  or  well  below  known  competi- 
tive prices.  The  offered  price  of  about  $10  per  long  ton 
for  60  percent  ore  loaded  aboard  ship  for  export  to 
Japan,  led  to  a  small  production  from  the  Bessemer  and 
Iron  Age  mines  in  1951.  Although  production  difiiculties 
soon  led  to  the  closing  of  these  operations,  iron  ore  mined 
in  Nevada  continued  to  be  shipped  to  Japan  through 
California  ports  in  1956. 

The  demand  for  limited  tonnages  of  high-grade  lump 
ore  for  steel  furnace  use  has  increased  since  1950,  both 
for  local  and  out-of-state  markets.  The  Iron  Age  and 
Iron  Mountain  (Silver  Lake  District)  deposits  have 
yielded  ore  for  this  market  at  times  since  1950,  and  other 
relatively  small  but  high  grade  deposits  may  be  worked 
for  this  market.  Projected  expansion  in  California 's  pres- 
ent steel-making  capacity  will  almost  certainly  increase 
the  demand  for  lump  ore. 

Since  prior  to  1950,  the  demand  has  been  too  slight  to 
make  profitable  the  mining  of  iron  ore  for  use  as  heavy 
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Figure  12. 

aggregate,  ship  ballast,  paint  pigment,  or  heavy  media, 
or  as  an  ingredient  in  ferroalloys,  foundry  sand,  or 
drilling  mud. 

Because  it  is  a  commodity  of  relatively  low  unit  value, 
and  must  be  produced  in  large  volumes,  iron  ore  is  mined 
as  inexpensively  as  possible,  ordinarily  by  open  pit 
methods.  At  the  Eagle  Mountain  mine  of  Kaiser  Steel 
Corporation  (Huseman,  1953  and  1955),  for  example, 
ore  is  churn-drilled  and  blasted  in  30-foot  benches,  then 
loaded  by  electric  and  diesel  shovels  into  trucks  which 
haul  it  to  be  crushed,  beneficiated  as  necessary,  and  stock- 
piled. These  large-scale  eificient  methods  enable  this  ore 
to  be  mined,  hauled,  crushed,  and  loaded  aboard  railroad 
cars  for  a  total  cost  of  about  50  cents  per  net  ton  in  1953 
(Powell  1953,  p.  8).  All  of  the  other  productive  iron 
mines  in  California  have  also  been  mined  by  open-pit 
methods,  although  necessarily  on  a  smaller  scale,  and  at 
somewhat  higher  cost  per  ton. 

Economical  transportation  methods  are  also  required 
for  successful  marketing  of  iron  ore.  The  length  of  truck 
roads  or  railroad  that  must  be  built  to  develop  a  new 
deposit,  and  the  distance  the  ore  must  be  hauled  to  mar- 
ket are  important  factors  to  the  shipper.  Kaiser  Steel, 
for  example,  constructed  51  miles  of  standard  gauge 
track  from  Ferrum  Siding  on  the  Southern  Pacific  Rail- 
road to  Eagle  Mountain  mine,  to  enable  ore  to  move  by 
rail  the  163  miles  to  Fontana. 

Haulage,  both  of  raw  materials  and  of  finished  steel 
products,  is  of  prime  importance  in  the  competition 
between  steel  producers  for  California  markets.  Total  ton 
miles  to  assemble  the  raw  materials  for  one  ton  of  pig 
iron  at  Fontana  is  1,522  (iron  ore  309;  coal  1,212;  and 
flux  1)  compared  to  figures  of  635  at  Provo,  Utah;  49  at 
Birmingham,  Alabama,  and  604  at  Pittsburgh,  Pennsyl- 
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Figure  13.     Data  from  estimates  prepared  by  General  Planning  Department,  Kaiser  Steel  Corporation,  and  Commercial  Research  Depart- 
'  lit,  Columbia-Geneva  Steel  Division,  United  States  Steel  Corporation  and  from  American  Iron  and  Steel  Institute.  Pre-1940  consumption 

-climated  at  70  percent  of  total  for  seven  western  states  (California,  Oregon,  Washington,  Idaho,  Utah,  Nevada,  Arizona)    in  U.  S.  Bur. 

Mines  Minei-als  Yearbooks. 


\ania  (Grether  1946,  p.  76).  Once  assembled,  however, 
the  shorter  haulage  of  finished  steel  from  Fontana  to 
west  coast  markets  makes  up  much  of  the  difference.  The 
tdtal  ton  miles  of  haulage  required  to  assemble  raw 
materials  for  one  ton  of  steel,  and  to  deliver  the  finished 
steel  to  consumers  in  Los  Angeles,  is  1,580'  for  the  Pon- 
tiina  plant,  compared  with  1,382  for  Provo,  2,165  for 
liirmingham,  and  3,228  for  Pittsburgh  (Grether,  1946, 
p.  76).  Corresponding  total  haulage  for  delivery  of  a  ton 
of  finished  steel  for  consumption  in  San  Francisco  are 
2,048  from  Fontana,  1,495  from  Provo,  2,663  from 
Uirmingham,  and  3,332  from  Pittsburgh.  Although  it 
would  appear  that  haulage  costs  for  delivery  of  finished 
steel  to  California  markets  should  be  less  from  Fontana 
tlian  from  Provo,  the  unusually  long  haul  of  coal  to 
Kontana  gives  a  small  overall  advantage  in  transporta- 
tion costs  to  the  Utah  steel.  The  haulage  advantage  of 
l)oth  of  these  western  steel-producing  centers  over  their 
liistern  competitors,  although  notable,  is  insufficient  to 
prevent  competition  in  many  classes  of  steel  products. 

STEEL 

Steel  is  a  commercial  form  of  iron  which  contains  a 
maximum  of  1.7  percent  carbon  as  an  essential  alloying 
■onstituent.  When  iron  is  drawn  from  the  blast  furnace 


as  hot  metal  or  pig  iron,  it  contains  about  3.5  to  4.5 
percent  of  carbon,  which  is  absorbed  from  coke  in  the 
blast  furnace.  About  1.7  percent  of  the  carbon  is  in  solu- 
tion in  the  iron,  and  gives  rise  to  few  or  no  adverse 
properties.  The  carbon  in  excess  of  1.7  percent  is  dis- 
seminated as  graphite  flakes  and  as  iron  carbide,  which 
tends  to  make  the  pig  iron  hard  and  brittle.  The  primary 
function  of  the  steel-making  process  is  to  reduce  the 
carbon  content  below  the  critical  1.7  percent  level. 

For  many  purposes  steel  is  more  useful  than  iron 
because  of  its  greater  strength,  hardness,  malleability 
when  cast,  and  resilience.  A  wide  variety  of  useful  prop- 
erties may  be  imparted  to  special  or  alloy  steels  by 
additions  of  appropriate  alloying  elements,  the  most 
common  of  which  are  manganese,  chromium,  nickel, 
molybdenum,  tungsten,  vanadium,  silicon  and  copper. 
The  special  properties  imparted  to  steel  by  these  alloy- 
ing constituents  include  hardness,  stiffness,  ductility, 
resilience,  tensile  strength,  compressive  strength,  resist- 
ance to  fatigue,  resistance  to  abrasion,  resistance  to 
corrosion,  and  ability  to  hold  a  cutting  edge  at  high 
temperature. 

Prior  to  1942,  when  Kaiser  Steel  Corporation  com- 
menced to  produce  iron  at  Fontana,  all  of  the  steel  used 
in  California  was  brought  into  the  state,  either  in  fin- 
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Figure  14.  United  States  average  prices  for  iron  ore,  pig  iron,  and 
of  these  basic  commodities  of  the  steel  industry,  1938  to  1955.  Finished 
much  as  the  prices  shown  for  carbon  steel.  Data  from  V.  8.  Bur.  Mines 

ished  form  or  in  the  form  of  pig  iron  or  scrap  metal  to 
be  converted  into  steel.  Before  World  War  II,  the  steel 
industry  in  California  consisted  essentially  of  small-  or 
moderate-sized  rolling  mills,  with  furnace  capacity  for 
melting  scrap.  They  depended  mainly  on  local  supplies 
of  scrap  metal,  and  were  equipped  to  roll  a  limited  va- 
riety of  products. 

During  the  several  decades  prior  to  1940,  most  of  the 
steel  plants  in  California  gradually  were  merged  into 
two  larger  companies,  Pacific  Coast  Steel  Company  and 
Columbia  Steel  Company,  but  both  were  still  small  com- 
pared to  most  steel  plants  in  the  eastern  United  States. 
In  1929-30,  Pacific  Coast  Steel  Company  was  absorbed 
by  Bethlehem  Steel   Company,  and  became  known  as 


semi-finished  carbon  steel,  showing  the  relationships  between  costs 
grades  of  certain  types  of  steel  commonly  cost  five  to  ten  times  as 
Minerals  Yeariooks  and  Mineral  Market  Reports. 

Bethlehem  Pacific  Coast  Steel  Corporation;  and  Colum- 
bia Steel  Company  became  a  subsidiary  of  United  States 
Steel  Corporation,  and  the  production  division  became 
known  as  Columbia-Geneva  Steel  Division,  United  States 
Steel  Corporation. 

During  World  War  II,  an  acute  demand  developed  for 
steel  for  use  in  the  defense  plants  of  the  West  Coast. 
Two  new  plants  were  built  in  California ;  one  by  Pacific ' 
States  Steel  Company  at  Niles,  Alameda  County,  and  i 
the  other  by  Kaiser  Steel  Corporation  at  Fontana.  After 
the  war  demand  for  steel  on  the  Pacific  Coast  in  Cali- 
fornia continued  to  increase,  leading  to  further  expaii 
sions  of  steel-producing  capacity,  and  diversification  <it 
steel  products  manufactured  to  meet  peacetime  demands. 
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During  the  period  1950-56,  the  principal  demand  for 
steel  products  in  California  has  been  for  sheared  plate, 
sheets  and  strip,  tin  plate,  and  pipe  products.  The  local 
demand  for  heavy  plate,  structural  shapes  and  bars  used 
in  heavy  fabrication  and  construction  industries  has  in- 
creased at  a  much  slower  rate. 

In  southern  California,  where  more  than  50  percent 
of  the  state's  steel  market  exists,  the  principal  demand 
is  for  sheet  and  strip  to  supply  the  many  small  metal- 
working  plants,  and  for  pipe  to  supply  the  construction 
and  oil  industries.  In  northern  California  the  principal 
demand  is  for  tin  plate  for  use  by  the  food  canning  in- 
dustry, and  for  plate  to  be  used  in  the  manufacture  of 
large-diameter  pipe,  such  as  is  used  for  gas  transmission 
lines. 

By  industries,  consumption  of  steel  in  California  is 
similar  to  the  rest  of  the  west,  where  about  35  percent 
of  the  steel  consumed  goes  into  the  construction  in- 
dustry ;  about  40  percent  into  the  railroad,  oil  and  gas, 
and  container  industries,  and  about  25  percent  into  the 
automotive  and  all  other  industries  (Cort,  1955,  p.  33). 
Rails  and  oil  country  goods,  such  as  drill  pipe,  are  the 
main  types  of  steel  products  not  made  in  California. 

Steel  Manufacture.  Steel-making  involves  the  melt- 
ing of  pig  iron  or  scrap  iron,  or  a  mixture  of  the  two ; 
the  removal  of  detrimental  substances  (such  as  excess 
carbon,  silicon,  phosphorus,  and  sulfur) ;  and  the  addi- 
tion of  desirable  substances  in  the  form  of  ferroalloys  to 
produce  steel  of  the  desired  characteristics.  The  two 
steel-making  methods  common  in  California  utilize  the 
basic  open-hearth  furnace,  in  which  about  80  percent 
of  this  state's  steel  is  manufactured,  and  the  electric 
furnace.  Kaiser  Steel  Corporation  has  announced  that 
the  first  facilities  in  the  west  for  making  steel  by  the 
basic  oxygen  furnace  process  will  be  in  operation  at  the 
Fontana  plant  by  early  1958.  Open-hearth  furnaces, 
which  have  larger  capacities  than  electric  furnaces,  are 
used  to  make  most  commercial  or  carbon  steel  which 
contains  no  essential  alloying  constituents  other  than 
carbon.  Electric  furnaces,  which  cost  less  to  build  than 
open-hearth  furnaces  and  allow  closer  control  of  steel 
composition,  are  used  to  make  nearly  all  special  alloy 
steels,  as  well  as  an  increasing  percentage  of  carbon 
steel. 

The  charge  for  open-hearth  furnaces  ordinarily  con- 
sists of  limestone,  steel,  scrap,  and  pig-iron  (molten  or 
cold).  When  hot  metal  constitutes  more  than  55  percent 
of  the  charge,  iron  ore  is  added  to  the  cold  charge ;  about 
10  to  12  percent  of  the  open-hearth  charge  at  the  Fon- 
tana plant  is  iron  ore.  Coke-oven  gas  and  natural  gas 
are  the  principal  fuels  used  in  the  open-hearth  furnaces 
in  California.  During  the  melting  process,  fluorspar  is 
added  to  thin  the  slag  and  improve  its  capacity  to  ab- 
sorb undesirable  impurities.  In  the  later  stages  of  the 
process,  several  percent  of  iron  oxide  in  the  form  of 
iron  ore  or  roll-scale,  may  be  added  as  a  source  of 
oxygen  to  control  carbon  content;  ferroalloys  may  be 
added  just  before  or  during  tapping.  Impurities  are 
removed  in  the  lime-silicate  slag  and  the  finished  steel 
poured  into  ingot  molds  to  harden  for  milling  to  usable 
shapes. 

Electric  furnaces,  in  which  heating  may  be  accom- 
plished either  by  electric  arcs  or  induction,  are  charged 


Figure  IC.  Tapping  finished  steel  from  open  hearth  furnace  at 
Fontana  plant  of  Kaiser  Steel  Corporation.  Larger  receptacle 
(center)  is  the  teeming  ladle,  which  will  be  carried  by  an  overhead 
crane  so  the  steel  may  be  poured  into  ingot  molds  to  harden. 
Smaller  receptacle  (right)  is  the  slag  ladle,  which  receives  the 
impurity-laden  slag  for  disposal  or  reuse.  Barely  visible  behind  the 
ladles  is  the  external  brickwork  of  the  checker  stoves  beneath  the 
furnace,  in  which  the  gases  that  fire  the  furnace  are  preheated. 
Photo  courtesy  of  Kaiser  Steel  Corporation. 

with  about  the  same  ingredients  as  open-hearth  furnaces, 
and  the  steel-making  process  is  very  similar.  Ore,  cinder, 
roll-scale,  and  lance-injected  oxygen  are  used  to  lower 
the  carbon  content.  Limestone,  lime,  silica  sand,  crushed 
coke,  aluminum,  and  fluorspar  are  added  as  slag  con- 
stituents. The  nature  of  the  steel  made  in  a  given  heat 
is  controlled  by  such  factors  as  the  composition  of  the 
raw  materials  charged,  the  composition  of  the  slag,  the 
temperature  of  the  melt,  and  the  amount  and  nature  of 
deoxidizing,  decarbonizing,  or  alloying  constituents 
added.  All  general  classifications  of  steel,  which  include 
carbon,  alloy,  stainless  and  heat  resisting,  and  tool  and 
die,  are  made  in  electric  furnaces. 

Scrap  metal  and  metallic  iron  (hot  metal  and  pig 
iron)  can  be  used  interchangeably  in  various  propor- 
tions in  the  charge  for  both  open-hearth  and  electric 
steel  furnaces,  depending  mainly  on  their  relative  avail- 
ability and  cost.  The  Kaiser  Steel  Corporation  Fontana 
plant,  the  only  hot-metal  plant  in  California,  uses  60 
to  70  percent  hot  metal  with  40  to  30  percent  scrap  for 
open-hearth  charge.  Cold-metal  plants  in  California, 
which  include  both  electric  and  open-hearth  operations, 
commonly  use  80  to  90  percent  of  scrap  metal.  At  the 
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Tahle  5.     List  of  some  common  ferro-alloys  with  approximate  range  of  composition  of  major  constituents  hy  percent,  omitting  minor 
percentages  of  sulfur  and  phosphorus.  (Data  compiled  from  Bray,  19^/2,  p.  425;  and  Herzog,  1948). 


Material 


Principal  constituents  (percent) 


Fe 


Mn 


Cr 


Ca 


W 


Ti 


Mo 


Cb 


Ferromanganese  (standard)  _ . 
(medium  C) 

Spiegeleisen 

Silicospiegel  __ 

SUicomanganese 

Ferromanganese-silicon 

Ferrosiiicon  15% 

50% 

85%_ 

Ferrochromium  (low  C) 

(highC) 

Calcium-aluminum-silicon 

Ferrovanadium 

Ferrotungsten 

Ferrotitanium 

Ferromoly  bdenum 

Ferrozirconium 

Ferrocolumbium 


10-14 

6.75 

1 

78-82 

11-17 

1.5 

1.5-2.5 

80- 

-85 

75-90 

4-5 

1 

5- 

-20 

58-68 

2-4 

5-8 

25-30 

7-20 

1-3 

14-20 

65- 

-70 

25-30 

0.6 

47-54 

20- 

-25 

74-84 

1 

14-20 

51-47 

43-52 

10-16 

82-88 

26-32 

0.6-2.0 

67-72 

23-29 

4.5-7.0 

50-53 

66-70 

49-63 

3-0.2 

8-1.5 

16-22 

.25-2.0 

33-73 

3-13 

22-43 

2.5 

8-12 

0.5 

47-52 

33-43 

0.5 

7 

8-12 


2-9 


35-40 


20-45 


5.75 


35-40 


50-60 


close  of  1956,  scrap  steel  (number  1  heavy  melting)  cost 
$55  per  gross  ton  delivered  in  San  Francisco,  and  $54 
per  ton  in  Los  Angeles,  whereas  basic  pig  iron  cost  $70 
per  gross  ton  f.o.b.  Fontana,  and  $62.50  at  Geneva, 
Utah.  The  rail  haulage  rate  from  Geneva  to  San  Fran- 
cisco -was  $9.39  per  ton. 

FERROALLOYS 

Ferroallo.ys  are  artificially  prepared  iron-bearing  al- 
loys so  rich  in  some  element  other  than  carbon  that  they 
may  be  used  as  a  vehicle  for  introducing  that  element 
Ml  the  manufacture  of  iron  or  steel.  Some  products  that 
contain  little  or  no  iron  are  also  commonly  listed  as 
ferroalloys  (table  5). 

Ferroalloys  are  used  principally  in  the  steel-making 
industry  where  they  serve  several  functions  (table  6). 
Some  are  intended  to  remain  in  the  steel  to  give  it 
special  physical  properties  which  are  determined  by  the 
type  and  proportions  of  the  alloying  materials  used. 
Ferroalloys  that  are  used  principally  for  this  purpose 
include  ferromanganese,  ferrosiiicon,  ferrochromium, 
ferrotungsten,  ferromolybdenum,  ferrovanadium,  and  to 
a  lesser  extent,  ferrotitanium,  ferroui-anium,  ferrophos- 
phorus,  silicon-zirconium,  and  other  less  common  ma- 
terials. 

A  more  widespread  use  for  ferroalloys  is  as  deoxidiz- 
ing or  cleansing  agents,  which  are  used  in  the  making 
of  all  types  of  steel.  The  ferroalloy  metals  used  prin- 
cipally for  this  purpose  are  manganese  (as  ferroman- 
ganese) and  silicon  (as  ferrosiiicon)  ;  aluminum,  calcium 
and  vanadium  are  also  effective  deoxidizing  agents.  In 
this  usage,  the  ferroalloys  are  added  during  the  final 
stages  of  steel  preparation.  They  combine  with  oxygen, 
sulfur,  or  other  unwanted  substances  in  the  melt,  and 
the  reaction  products  join  the  slag  for  removal. 

Another  usage  of  ferroalloys  is  to  neutralize  the  unde- 
sirable effects  of  certain  substances  by  combining  with 
iliem  in  a  harmless  form  that  remains  in  the  finished 
steel.  The  combination  of  manganese  with  sulfur  to  form 
harmless  sulfides  is  an  example.  Another  function  of 
certain  ferroalloys  is  the  removal  of  gas  from  the  molten 
metal  so  that  bubbles  ("blowholes")  do  not  form  in 
the  ingots.   Several  of  the  ferroalloys  perform  two  or 


more  of  these  types  of  functions  according  to  the  amount 
added,  and  the  stage  in  the  processing  of  the  melt  when 
they  are  added. 

Table  6.  List  of  commonly  used  ferroalloy  materials  with  the 
properties  they  impart  to  molten  and  finished  steel.  (Data 
adapted   from   Stoughton,   1934,   PP-   490-530;   Bray,   1942,   pp. 


424-4SS;  Oeehan,  1956, 

p.  217.) 

Percent 

Substance 

used 

Principal  effect  in  ^teel 

Aluminum* 

0.03-0.1 

Deoxidizes;  degases;  increases  surface  hardness. 

0.001-0.01 

Increases  hardenabiUty. 

Chromium 

1-5 

Increases  hardness  and  depth  hardening. 

Chromium 

1 1 . 5-38 

Eliminates  corrosion  (stainless  steels);  reduces 
scaling. 

Cobalt 

Imparts  high-t«rnperature  stability;  resistance 
to  corrosion,  and  useful  magnetic  properties; 

(with    nickel)    minimizes    coefficient    of    ex- 

pansion. 

Columbium 

steel;  mainly  used  in  high- temperature  steels. 

Copper 

0.15-0.50 

Reduces  corrosion. 

Manganese* 

up  to  1.5 

Deoxidizes;  neutralizes  effect  of  sulfur. 

Manganese 

1-2 

Increases  strength  and  toughness. 

Manganese 

7-14 

Imparts  properties  of  progressive  work-harden- 
ing and  resistance  to  abrasion. 

Molybdenum 

0.25-0.75 

Increases  elasticity  (hence  workability),  tensile 
strength,     hardenability    and    resistance    to 
shock;  imparts  high-temperature  strength. 

Nicke! 

1 . 50-4 . 50 

Decreases     corrosion     at     high     temperatures; 
reduces     fatigue;     increases     hardness     (e.g. 

armor  plate),  tensile  strength,  and  toughness; 

imparts     useful     magnetic     qualities;     (with 

cobalt)  minimizes  coefficient  of  expansion. 

Usually    detrimental    (causes    brittleness    and 
low  resistance  to  impact)  but  used  in  special 

cases  to  improve  machinability  and  electrical 

properties;  increases  fluidity  of  cast  iron. 

Selenium.     

Improves  machinability,  especially  in  stainless 
steels. 

0. 1-0.2 

in  ingots;  increases  tensile  strength. 

2-4.75 

Improves  efficiency  in  electromagnet  cores. 

Silicon 

13 

Sulfur  .. 

Usually  detrimental;   used  in  special  cases  to 
improve  machinabiUty. 

Titanium.  _ 

Inhibits   grain   growth   and   intergranular   cor- 
rosion in  stainless  steels;  deoxidizes;   desul- 

furizes;  degases  (nitrogen). 

Tungsten 

14-18 

Imparts   hardness   and   strength  at   high  tem- 
peratures ("red  hardness")  in  tool  steels. 

Vanadium 

0.15 

Refines   grain   size;    imparts    high- temperature 
strength  and  hardness;  increases  ductility  and 
resiliency. 

Deoxidizes;  desulfurizes;  fixes  nitrogen. 

'  May  also  be  added  as  native  metal  or  oxide. 
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Figure  17.  Tapping  approximately  80  tons  of  finished  steel 
from  one  of  the  three  electric-arc  furnaces  at  the  Los  Angeles  plant 
of  Bethlehem  Pacific  Coast  Steel  Corporation.  (Photo  courtesy  of 
Bethlehem  Pacific  Coast  Steel  Corporation.) 

Ferroalloys  generally  are  added  to  the  molten  steel 
in  lumps  or  briquets,  ranging  in  size  from  one  inch  to 
75  pounds,  but  in  some  practices  they  are  added  in  the 
molten  state,  or  as  shot.  In  electric  furnace  practice,  the 
ferroalloys  and  other  alloy  materials  that  are  not  easily 
oxidized  are  usually  charged  into  the  furnace  before 
melting  down.  Most  of  the  ferroalloys  used  to  adjust 
the  composition  of  the  steel  to  meet  specifications  are 
added  in  the  late  stages  of  the  process  before  tapping, 
or  to  the  ladle  during  tapping. 

The  iron  foundry  industry  provides  another  market 
for  ferroalloys,  mainly  the  variety  of  ferrosilicon  that 
contains  5  to  20  percent  silicon  and  is  known  as  silvery 
pig  iron.  Of  the  873,000  short  tons  of  ferrosilicon,  sili- 
con metal,  and  miscellaneous  silicon  alloys  consumed  in 
the  United  States  in  1953,  nearly  half  was  consumed  by 
iron  foundries  and  miscellaneous  users  (Geehan,  1957, 
p.  457).  The  miscellaneous  users  included  firms  that  con- 
sumed silicon  metal  in  the  production  of  aluminum  and 
magnesium  products,  and  the  manufacture  of  low  car- 
bon and  non-ferrous  alloys.  From  1942  to  1944,  and 
1951  to  1953,  the  Kaiser  Magnesium  Company  plant  at 
Manteca,  San  Joaquin  County,  consumed  ferrosilicon 
containing  75  percent  silicon  in  the  production  of  metal- 
lic magnesium  by  the  Pidgeon  process.  A  small  tonnage 
of  ferrosilicon  is  also  ground  for  use  in  the  heavy  media 
separation  process  for  ore  beneficiation. 


Manufacture  of  Ferroalloys.  In  1953,  ferroalloys 
were  made  in  12  blast  furnace  plants,  39  electric  furnace 
plants,  and  four  aluminothermic  plants  in  the  United 
States.  In  that  year,  2,336,286  short  tons  of  ferroalloys 
were  produced  in  the  country.  Of  this  total,  about  39 
percent  was  ferromanganese,  about  35  percent  ferrosili- 
con, about  12.2  percent  ferrochromium  and  other 
chromium  ferroalloys,  about  9.7  percent  spiegeleisen, 
silicomanganese,  and  manganese  briquets,  2.3  percent 
ferrophosphorus,  0.5  percent  ferrotitanium  and  ferro- 
vanadium  combined,  1.0  percent  ferrotungsten,  ferro- 
molybdenum,  and  other  molybdenum  products,  and 
about  0.8  percent  all  other  ferroalloys  combined  (Gee- 
han, 1957,  p.  453).  All  ferroalloys  except  high-carbon  fer- 
romanganese, some  low-manganese  alloys  such  as  spiegel- 
eisen, and  low-silicon  ferrosilicon,  are  made  in  electric 
furnaces  because  their  greater  heat  is  required  to  re- 
duce some  of  the  refractory  oxides  of  the  alloy  metals, 
and  to  produce  low-carbon  alloys. 

Materials  placed  in  the  furnaces  to  produce  ferro- 
alloys generally  include  low  sulfur,  low  phosphorus,  iron 
in  the  form  of  soft  iron  or  steel  scrap  or  turnings ;  a  car- 
bonaceous reducing  agent  such  as  charcoal  or  high-grade 
coke  low  in  phosphorus  and  sulfur;  silicon  as  quartzite; 
high  grade  ores  of  the  alloy  metal;  and  slag-forming  ma- 
terials as  necessary  (Mantell,  1940,  pp.  490-501). 

Ferroalloys,  including  ferromanganese,  silico-manga- 
nese,  and  ferrochromium,  were  first  produced  in  Califor- 
nia during  World  War  I  at  Ileroult,  Shasta  County,  by 
the  Noble  Electric  Steel  Company  (Bradley,  et  al.,  1918, 
pp.  20-22)  which  utilized  Shasta  County  iron  ore,  and 
manganese  and  chromium  ores  from  other  parts  of  the 
state.  Two  electric  furnaces,  each  with  capacity  of  7  to  8 
tons  every  24  hours,  were  used  to  produce  ferromanga- 
nese that  ranged  from  70  to  80  percent  manganese,  20 
to  12  percent  iron,  6  percent  carbon,  1  to  3  percent  sili- 
con, and  a  trace  of  phosphorus  and  sulfur.  To  make  the 
80  percent  product,  the  furnace  was  charged  with  one 
ton  of  ore  containing  50  percent  manganese,  about  16 
percent  silica,  1  to  3  percent  iron,  and  no  more  than 
traces  of  sulfur  and  phosphorus;  800  pounds  of  lime- 
stone ;  60  pounds  of  fluorspar ;  70  pounds  of  iron  ore ; 
and  550  pounds  of  crushed  charcoal  or  coke.  Local  petro- 
leum coke  was  used  when  available  at  competitive  prices. 

A  smaller  electric  furnace  was  used  intermittently  to 
produce  ferrosilicon  of  75  percent  silicon  content.  The 
furnace  charge  for  this  product  was  one  ton  of  sili- 
ceous material  with  85  percent  silica  and  5  to  10  percent 
iron;  1000  pounds  of  charcoal;  and  400  pounds  of  iron 
ore  containing  68  percent  iron  and  1  to  2  percent  silica. 

Also  during  World  War  I  the  Pacific  Electro  Metals 
Company  (later  the  Pacific  Alloy  and  Steel  Company) 
made  ferromanganese  and  silico-manganese  at  Bay 
Point,  Contra  Costa  County  (Huguenin  and  Castello, 
1921,  pp.  66-67).  Manganese  ore,  containing  a  minimum 
of  40  percent  manganese  and  not  more  than  18  percent 
silica,  was  charged  with  coke  and  iron  turnings  up  to  3 
inches  diameter  in  two  electric  furnaces  of  12  tons  per 
day  capacity.  Some  of  the  coke  was  petroleum  coke  from 
local  refineries.  The  silico-manganese  produced  contained 
50  to  55  percent  manganese,  20  to  25  percent  silica,  and 
maxima  of  1  percent  carbon,  0.18  percent  phosphorus, 
and  a  trace  of  sulfur. 
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Figure  18.  Hot  rolling  a  steel  shape  in  the  3-stan(l  20-inch  struetnral  mill  of  Kaiser  Steel  Corporation's  Fontana  plant.  The  two  2-high 
roll  stands  at  left,  and  the  single  1-high  stand  (center)  are  operated  from  the  air-conditioned  pulpits  suspended  ahove.  (Photo  courtesy  of 
Kniser  Steel  Corporation.) 


11  The  most  recent  and  largest  production  of  ferroalloys 
in  California  was  by  the  Permanente  Metals  Corporation 
(later  Kaiser  Aluminum  and  Chemical  Corporation)  at 
Permanente,  Santa  Clara  Covmty.  The  plant  was  active 
from  August  1942  through  August  1947,  in  April,  May, 
and  December  1949,  and  from  February  1951  through 
June  1953.  Two  grades  of  ferrosilicon,  containing  50 
percent  and  75  percent  silicon,  were  made  in  the  plant's 
three  8000  KVA  electric  furnaces.  Each  furnace  had  a 
capacity  of  1000  tons  of  50  percent  grade  per  month, 
or  575  tons  of  75  percent  grade.  The  furnace  charge  con- 
sisted of  steel  turnings,  quartz,  petroleum  coke,  metal- 
lurgical coke  from  Alabama,  and  coking  coal  from  Ken- 
tucky. Specifications  for  the  quartz  required  at  least 
98  percent  silica  (Si02),  and  a  size  range  between  ^  and 
3i  inches.  Crushed  vein  quartz  was  obtained  from  the 
'White  Rock  mine,  Mariposa-  County,  and   from  hand- 


sorted    quartz    cobbles    from   Bear    River,    Nevada    and 
Placer  Counties. 

From  1942  to  1944,  and  from  June  1951  to  June  1953, 
the  75  percent  grade  was  made,  for  making  magnesium 
at  the  government  owned  plant  at  Manteca  operated  by 
the  Kaiser  Magnesium  Company.  Most  of  the  production 
from  1945  to  1950  was  the  50  percent  grade,  largely  con- 
sumed in  steel-making  by  the  Kaiser  Steel  C'orporation 
at  Fontana.  The  closing  of  tlie  magnesium  plant  at  Man- 
teca, together  with  unfavorable  market  conditions  for 
the  sale  of  ferrosilicon,  contributed  to  the  final  cessation 
of  ferroalloy  production  at  the  Permanente  plant  in 
1953.  The  Permanente  plant  has  been  operated  peri- 
odically since  1953  to  produce  volatilized  amorphous 
silica,  in  particles  three  to  four  microns  in  size,  to  be 
used  as  a  binder  in  making  periclase  refractories  in  the 
Company' 's  refractory  brick  plant  at  Moss  Landing, 
Monterev  County. 
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Table  7.  Prices  of  some  common  ferroaUoys,  as  of  January  2, 
1957,  from  E.  &  M.  J.  Metal  and  Mineral  Markets,  January  10, 
1957,  p.  8.  Prices  recalculated  from  "per  pound  of  contained 
metal"  to  "per  pound  of  ferroalloy"  basis  for  purposes  of  com- 
parison. 


Specifications 

Price 

Material 

Per  pound  of 

Per  ton  of 

ferroalloys 

ferroalloys 

Ferromanganese 

Standard  grade,  C/L  lote, 

$0.1175-. 1275 

$235-$255 

74-76%  Mn 

lump,  bulk,  f.o.b.  plant. 

P>rromanganese 

Low-carbon     grade,     C/L 

$0.3037-. 3 159 

$607-J632 

90%  (max.  0.07% 

lots,    lump    bulk,    f.o.b. 

C) 

plant. 

Ferrosilicon 

C/L  lots,  bulk  delivered. 

$0.0695 

$139 

50%  Si 

Ferrosilicon 

C/L  lots,  bulk,  delivered. 

$0.1260 

$252 

^  75%  Si 

Ferrochromiuin 

High-carbon     grade,     C/L 

$0.1802 

$360 

65%  Cr  (4-9%  C) 

lots,  bulk  delivered. 

Ferrochromium 

Low-carbon     grade,      C/L 

$0.2486 

$497 

65%      Cr      (max. 

lots,  bulk,  delivered 

0.5%  C) 

Ferrotungsten 

Lots  of  .5,000  lbs.  or  more. 

$2.52 

$5,040 

80%  W 

^-iti.  lump,  delivered 

Ferromolybdenum  - .  - 

Lots  of  5,000  lbs.  or  more. 

$1,044 

$2,088 

60%  Mo 

powder,  f.o.b.  plant. 

Ferro  titanium 

Low-carbon  grade,   lots  of 

$0,540 

$1,080 

40%      Ti      (max. 

ton  or  more,  H-in.  lump. 

0.10%  C) 

f.o.b.  plant. 

Ferrovanadiuni 

Crucible   grade,   C/L   lots, 

$1.70 

$3,400 

50%  V 

packed,  f.o.b.  plant. 

Ferrocolumbium 

Ton     lots,     packed,     2-in. 

$4.14 

$8,280 

60%     Cb  .  (max. 

lump,  f.o.b.  destination. 

0.40%    C,    max. 

8%  Si) 

Almost  all  of  the  ferroalloys  consumed  in  California 
are  used  in  the  making  of  steel.  Carbon  steels,  which 
comprise  an  estimated  95  percent  of  this  state's  steel 
production,  require  an  average  of  about  25  to  30  pounds 
of  ferroalloy  per  ton  of  steel — almost  entirely  divided 
between  ferromanganese  and  ferrosilicon  in  near  equal 
proportions.  An  estimated  total  of  40  to  50  thousand 
tons  of  these  two  ferroalloys  was  consumed  in  California 
in  1956.  The  remaining  5  percent  of  steel  made  in  Cali- 
fornia is  of  special  grades  with  ferroalloy  content  rang- 
ing from  two  to  more  than  50  percent.  In  1956,  an  esti- 
mated 10  to  15  thousand  tons  of  ferroalloys  were  con- 
sumed in  special  steels  made  in  California.  This 
consumption  involved  mainly  ferromanganese,  ferro- 
chromium, and  ferromolybdenum,  but  included  smaller 
amounts  of  many  other  ferroalloys. 

Most  of  the  ferroalloys  consumed  in  California  are 
brought  by  rail  from  Oregon,  Utah,  and  many  eastern 
states.  Prices  of  representative  ferroalloys  are  listed  in 
table  7 ;  for  delivered  prices  in  California,  add  $10  to 
$25  per  ton  to  f .  o.  b.  plant  prices. 

COKE 

Metallurgical-grade  coke  has  been  produced  in  Cali- 
fornia only  since  the  establishment  in  1943  of  the  Kaiser 
Steel  Corporation  coke  plant  at  Fontana.  California  has 
yielded  but  small  amounts  of  coal  and  none  of  coking 
grade  (see  section  on  coal  in  this  volume).  Coke  is  pro- 
duced at  the  Fontana  plant  from  coal  shipped  mainly 
from  deposits  in  Utah,  Oklahoma,  and  Arkansas.  Be- 
tween 100,000  and  200,000  tons  of  prepared  coke  have 
been  brought  into  the  state  each  year  since  1950  for  use 
in  foundries  and  other  industrial  plants. 


Coke  is  the  residue  that  remains  after  certain  bitu- 
minous coals  have  been  subjected  to  a  prolonged  heating 
out  of  contact  with  air.  The  nature  of  the  coal,  as  well 
as  the  time  and  temperature  in  the  coke  oven,  determine 
the  quality  of  the  coke.  Bituminous  coals  that  are  low 
in  ash,  sulfur,  and  phosphorus  yield  the  best  coke.  Com- 
mon metallurgical  grades  of  coke  include  blast  furnace 
coke,  used  in  iron  blast  furnaces;  and  foundry  coke, 
which  is  used  mainly  in  iron  and  steel  foundries. 

Blast  furnace  coke  should  be  in  large  lumps  (usually 
60  to  70  percent  larger  than  2  inches)  that  are  hard  and 
strong  enough  to  resist  breakage  during  handling,  and 
when  in  the  furnace.  It  should  be  porous  enough  to  per- 
mit efficient  combustion  without  excessive  solution  waste. 
It  should  produce  a  minimum  of  smoke  or  volatile  prod- 
ucts, and  should  neither  fuse  nor  cake  when  used.  It 
should  contain  a  high  proportion  of  fixed  carbon  (85  to 
90  percent  is  desired)  and  a  minimum  of  sulfur  (0.6-1.5 
percent)  and  phosphorus  (less  than  0.04  percent).  Vola- 
tile matter  should  be  less  than  2  percent,  moisture  not 
more  than  3  percent,  and  ash  not  more  than  10  percent 
(Bray  1942,  pp.  60-61).  Foundry  coke  is  cooked  longer, 
forms  firmer  and  larger  lumps,  and  may  be  made  from 
different  coals  than  blast  furnace  coke. 

The  suitability  of  coal  for  the  production  of  coke  can 
not  be  determined  by  chemical  analysis  alone,  but  must 
be  ascertained  by  actual  tests  in  a  coking  oven.  The  Cali- 
fornia coals  that  have  been  thus  tested  have  proved  to 
have  a  high  ash  content  that  weakens  the  resulting  coke. 

In  the  United  States,  coke  is  produced  in  both  beehive 
and  byproduct  ovens.  More  than  90  percent  of  the  na- 
tion's output  is  obtained  from  the  byproduct  process, 
which  is  preferred  because  (1)  it  yields  at  least  15  per- 
cent more  coke  per  ton  of  coal  than  the  beehive  process, 
(2)  volatile  byproducts  of  considerable  value  are  re- 
covered, and  (3)  many  coals  not  suited  to  the  beehive 
process  may  be  used  in  byproduct  ovens  when  blended 
with  other  coals  (Hudson  1942,  p.  34). 

Coking  facilities  at  the  Fontana  steel  plant  have  been 
increased  from  90  ovens  (capacity  355,000  tons  of  coke 
per  year)  in  1943,  to  225  ovens  (capacity  of  1,055,000 
tons  of  coke  per  year)  in  1953.  All  are  Koppers-Beeker 
slot  type  byproduct  ovens,  40  feet  long,  13  feet  high, 
and  about  14  inches  wide  inside.  About  25  tons  of  coal, 
crushed  so  that  50  percent  passes  a  i  inch  screen,  are 
charged  into  the  oven,  filling  it  nearly  to  the  top.  The 
oven  is  then  sealed  shut  and  heated  by  blast  furnace  gas 
to  about  950°C  for  16  to  17  hours.  As  the  volatiles 
are  expelled  they  are  piped  to  an  adjacent  byproduct 
plant  where  ammonium  sulfate,  tar,  creosote  oil,  dis- 
tillate, phenol,  fuel  oil,  benzol,  toluol,  xylol,  naphtha  and 
other  light  oil  products  are  recovered.  "When  ready,  the 
coke  is  pushed  out  of  the  oven,  quenched  with  water  and 
screened. 

In  1955,  the  Fontana  plant  *  consumed  1,356,513  short 
tons  of  coal  and  yielded  805,566  tons  of  blast  furnace 
coke  for  use  in  the  company's  blast  furnaces;  2,798  tons 
of  coke  for  other  industrial  purposes;  and  67,142  tons 
of  breeze  (fragments  smaller  than  -J  inch).  About  83 
percent  (1,136,782  tons)  of  the  coal  consumed  was  high- 
volatile  coal  (containing  more  than  31  percent  dry  vola- 
tiles) with  which  low-volatile  coal  (containing  14  to  22 


•statistical   data   in   this  section   from   Sheridan,   et  al., 
DeCarlo  and  Otero,  1956. 


1956,    and 
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Figure  19.  Pickling  steel  strip  (preparing  its  surface),  preliminary  to  coating  it  with  tin,  at  the  tin  plate  mill  of 
Kaiser  Steel  Corporation's  Fontana  plant.  Both  hot  dip  and  electrolytic  tinning  processes  are  used  to  produce  tin  plate, 
primarily  for  consumption  as  tin  cans  by  California's  food  canning  industry.  (Photo  courtesy  of  Kaiser  Steel  Cor- 
poration.) 


percent  dry  volatiles)  was  blended  before  charging,  in 
order  to  make  stronger  coke.  In  1955,  most  of  the  high- 
volatile  coal  (1,121,743  tons)  was  obtained  from  the 
company-owned  Sunnyside  mine  in  Ut^h;  and  low- 
volatile  coal  came  mainly  from  Oklahoma  (223,591 
tons).  New  Mexico  supplied  12,366  tons,  Arkansas  sup- 

Table  8.  Average  yield  per  ton  of  coal  carbonized  at  Fontana  in 
1955,  and  average  value  for  such  materials  recovered  in  the 
United  States  in  1954.  (From  DeCarlo  and  Otero,  1956). 


Product 

Amount 

Value 

Coke                          

1,201  pounds 
99  pounds 
11,480  cubic  feet 

9.13  gallons 
23.87  pounds 

3.34  gallons 

1 .  84  gallons* 

-n'i  gallons* 

.13  gallons* 

.09  gallons* 

$11,439 

Breeze 

Coke-oven  gas 

0.2.37 
1.489 
1.003 

0.352 

(sulfate  equivalent) 

0.839 

Toluene  (all  grades) 

Solvent  naphtha  (crude  and  refined)  . 
Others                               -   

0.021 

Total 

$15,380 

'  Derived  from  the  3.34  gallons  of  crude  light  oil  also  listed. 


plied  9,174  tons,  and  Colorado  supplied  2,673  ton.s  of 
coal  of  undetermined  types. 

The  808,364  tons  of  coke  produced  in  California  in 
1955,  although  vital  to  this  state's  iron  industry, 
amounted  to  only  1.06  percent  of  the  total  United  States 
production  for  that  year.  With  the  exception  of  35  tons 
shipped  to  Arizona  in  1955,  the  entire  output  of  blast 
furnace  coke  at  the  Kaiser  Fontana  plant  has  been  con- 
sumed in  the  company's  blast  furnaces  nearby. 

About  45,000  tons  of  breeze  have  been  used  at  the 
Kaiser  steel  plant  each  year  since  1950.  It  is  ground  so 
that  50  percent  passes  a  |  inch  sieve,  and  used  princi- 
pally as  fuel  in  the  sinter  plant,  and  to  line  floors  of 
soaking  pits,  in  the  steel  plant.  Relatively  minor  ton- 
nages of  breeze  have  been  exported,  or  shipped  to  other 
western  states.  The  total  tonnage  shipped  out  of  Cali- 
fornia each  year  has  increased  steadily  from  about  700 
tons  in  1952  to  more  than  12,000  tons  in  1955. 

In  1955  some  1,200  pounds  of  coke  per  ton  of  coal 
was  obtained  at  Fontana,  whereas  the  national  average 
was  1,400  pounds.  Of  the  coke  consumed  in  California 
in  1955,  about  85  percent  (805,566  net  tons)  was  used 
in  the  Kaiser  Steel  Corporation  blast  furnaces;  found- 
ries accounted  for  about  7  percent  (78,016  tons) ;  and 
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FiGTJKE  20.  Rolling  a  9,000  pound  steel  ingot  at  2300°  F.  in  a 
32-incIi  rolling  mill  at  the  Los  Angeles  plant  of  Bethlehem  Pacific 
Coast  Steel  Corporation.  Rolling  reduces  the  cross  section  of  the 
ingot  to  billet  size,  and  improves  the  internal  structure  of  the  steel. 
(Photo  courtesy  of  Bethlehem  Pacific  Coast  Steel  Corporation.) 

other  industrial  plants  consumed  about  8  percent  (66,632 
tons).  In  1954,  the  Kaiser  Steel  Corporation  blast  fur- 
naces consumed  about  1,448  pounds  of  coke  per  ton  of 
hot  metal  produced,  compared  to  the  national  average  of 
1,746  pounds. 

In  195.).  when  the  national  average  value  of  a  ton  of 
oven-coking  coal  at  the  coking  plant  was  8.84,  the  aver- 
age for  eight  coke-producing  states,  including  California, 
was  10.79.  In  1955,  the  national  average  value  of  a  ton 
of  oven  blast  furnace  coke,  f.o.b.  plant,  was  about  $16.30 
for  coke  used  by  producers ;  the  average  value  of  coke  sold 
to  other  consumers  in  four  western  states  (California, 
Colorado,  Texas,  and  Utah)  was  $13.84  per  ton.  The  na- 
tional average  value  of  oven  foundry  coke  sold  in  1955  was 
$23.75  and  of  breeze  $3.48,  f.o.b.  plants.  No  blast  furnace 
coke  is  eon.sumed  in  California  except  by  Kaiser  Steel 
Corporation,  so  no  local  prices  are  available.  The  only 
metallurgical  coke  sold  in  California  is  foundry  coke, 
which  in  January  1957  cost  $39.30  per  net  ton  delivered, 
whether  from  eastern,  midwestern,  or  southern  plants. 
The  cost  of  transporting  a  ton  of  coke  from  Ohio  to  Cali- 
fornia was  $11.70  in  January  1957.  Breeze  sold  for  about 
$4.25  per  ton  f.o.b.  midwestern  plants  in  early  1957,  with 
about  $12  per  ton  additional  for  rail  haulage  to  California. 
In  early  1957,  breeze  was  sold  at  Fontana  for  about  $5.00 
per  ton,  plus  local  haulage  costs,  and  had  a  strong  competi- 
tive position  for  the  limited  local  market. 


BLAST  FURNACE  SLAG 

Slag  is  the  waste  product,  principally  nonmetallic, 
that  forms  in  the  blast  furnace  while  metallic  iron  is 
being  recovered  from  iron  ore.  Slag,  being  lighter  than  , 
the  iron,  floats  as  a  viscous  blanket  above  the  iron, 
where  it  absorbs  and  retains  undesirable  substances 
that  are  removed  when  the  slag  and  iron  are  separated. 

Blast  furnace  slag  consists  mainly  of  silicates  of  cal- 
cium, magnesium,  and  aluminum,  with  smaller  amounts 
of  various  absorbed  impurities,  such  as  sulfur.  The  cal- 
cium and  magnesium  content  of  most  slags  is  provided 
by  limestone  charged  into  the  furnace ;  commonly  about 
half  a  ton  of  limestone  is  charged  per  ton  of  metal  to 
be  produced.  The  aluminum,  silicon,  and  less  abundant 
impurities  in  the  slag  represent  the  gangue,  or  nonfer- 
ruginous  portion  of  the  iron  ore.  The  chemical  composi- 
tion of  slag  is  also  adjusted  by  additions  of  silica  (in 
the  form  of  quartz),  and  alumina  (in  the  form  of  clay) 
when  they  are  lacking  in  the  gangue.  An  average  chemi- 
cal composition,  based  upon  hundreds  of  analyses  of 
American  blast  furnace  slags,  lists  the  following  sub- 
stances and  percentages:  silica  33  to  42;  alumina  10  to 
16 ;  lime  36  to  45 ;  magnesia  3  to  12 ;  sulfur  1  to  3 ;  iron 
oxide  0.3  to  2;  manganese  oxide  0.2  to  1.5;  and  traces 
of  other  elements  (Josephson  1949,  p.  54). 

Physical  properties  of  slag  (Josephson  1949,  p.  -54, 
et  seq.)  include  the  following:  bulk  specific  gravity  (dry 
basis)  2.0  to  2.5 ;  bulk  density  (crushed,  screened,  com- 
pacted) 75  to  80  povmds  per  cubic  foot;  absorptivity  1 
to  5  percent;  hardness  5  to  6  on  Mohs'  scale;  texture 
glassy  to  coarsely  crystalline,  also  scoriaceous.  Slag  is 
tough,  hard,  clean  and  resistant  to  wear  and  crushing; 
and  has  a  low  coefficient  of  thermal  expansion.  Its 
chemical  activity  ranges  from  inert  to  extremely  hy- 
draulic. For  many  years  crushed  slag  has  been  recog- 
nized as  a  natural  cement,  which  hardens  upon  addition 
of  water. 

Although  slag  was  long  considered  to  be  a  waste 
product  of  little  or  no  value,  a  wide  variety  of  uses  have 
been  developed  for  it  in  recent  years.  Of  about  43  mil- 
lion short  tons  of  slag  produced  in  the  United  States  in 
1953  (the  latest  year  for  which  complete  statistics  are 
available)  about  71  percent  was  processed  for  com- 
mercial use  (North  1956,  p.  2). 

Since  the  early  1800 's  slag  has  been  \ised  for  road 
surfaces,  but  now  it  is  used  also  in  macadam,  slag  con- 
crete and  bituminous  pavement;  as  aggregate  in  rein- 
forced concrete  for  buildings  and  bridges;  as  railroad 
ballast,  roofing  granules,  aggregate  in  concrete  and  light- 
weight concrete  blocks,  sewage  trickling  filter  medium, 
raw  material  in  the  manufacture  of  mineral  wool,  and 
ceramic  ware  (terra  cotta),  a  constituent  of  portland 
and  slag  cements,  slag  glass,  a  soil  conditioner,  and 
oyster  cultch  (Josephson  1949). 

Blast  furnace  slag  is  marketed  in  the  following  four 
classifications:  screened  air-cooled  slag;  unscreened  air- 
cooled  slag;  granulated  slag;  and  expanded  slag. 

In  California,  only  the  Kaiser  Steel  Corporation  at 
Fontana  produces  blast  furnace  slag.  It  is  produced  as 
the  unscreened  air-cooled  type,  but  it  is  crushed  and 
screened  by  another  firm  before  it  is  removed  from  Fon- 
tana for  use. 
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Most  of  the  slag  utilized  in  the  United  States  is  used 
as  aggregate,  ballast,  or  fill.  When  used  as  aggregate, 
it  increases  the  resistance  of  concrete  to  seawater  and 
fire,  and  improves  stability  under  conditions  of  alter- 
nate freezing  and  thawing,  and  wetting  and  dryiiig 
(Josephson  1949).  The  natural  cementing  action  of  slag 
enables  makers  of  concrete  block  to  use  20  percent  less 
Portland  cement  when  slag  is  used  for  aggregate.  Con- 
crete rocket  launching  platforms  are  sometimes  made 
with  slag  aggregate  to  resist  spalling  under  the  sudden 
high  temperatures  of  rocket  launching.  In  southern 
California,  sand,  gravel,  and  crushed  stone  suitable  for 


ordinary  aggregate,  ballast  and  fill  are  abundant,  and 
less  costly  to  crush  and  process  for  these  uses  than  slag. 
In  1957,  Kaiser  Steel  Corporation  entered  a  3-year 
contract  with  the  California  Division  of  Highways  to 
supply  two  million  tons  of  slag  for  use  as  lightweight 
fill  material  on  overpasses.  Prior  to  1957,  the  principal 
uses  of  slag  in  California  were  (1)  for  granules  on 
built-up  roofing;  (2)  as  an  ingredient  in  the  manu- 
facture of  mineral  wool,  which  is  widely  used  for  heat- 
transfer  and  fireproof  insulation;  and  (3)  as  aggregate 
in  concrete  blocks.  Small  tonnages  were  consumed  for 
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FiGl'RE  22.  Discharging  a  byproduct  coke  oven  at  California's 
only  coke  plant,  which  is  operated  by  Kaiser  Steel  Corporation  at 
Fontaiia.  Red  hot  coke  is  being  pushed  into  a  special  railroad  car 
which  will  carry  it  beneath  a  quenching  tower.  There  water  will 
extinguish  and  cool  the  coke,  amid  spectacular  clouds  of  steam  and 
ash.  Coke  is  then  screened:  breeze  (particles  smaller  than  J  inch) 
Is  used  in  the  sinter  plant ;  coke  is  used  in  the  blast  furnaces. 
Photo  courtesy  of  Kaiser  Steel  Corporation. 

road  surfacing,  track  ballast,  and  aggregate  in  asphalt 
and  Portland  cement  concrete. 

In  1956,  about  60,000  tons  of  slag  were  consumed  in 
California  as  granules  for  built-up  roofing,  in  which 
alternating  layers  of  tar  and  roofing  felt  are  finally  cov- 
ered by  a  protective  layer  of  mineral  fragments  em- 
bedded in  tar.  Three  sizes  of  granules  are  used  for  this 
purpose:  f  to  I  inch;  f  to  ^  inch;  and  i  to  ^  inch.  Slag 
is  desirable  for  this  use  because  of  its  comparatively  light 
weight,  its  porosity  which  enables  it  to  stick  tightly,  its 
opacity  to  tar-damaging  rays  of  the  sun,  and  its  low  cost. 
In  1956,  slag  granules  cost  about  $1 1  to  $12  per  ton,  bulk, 
delivered  to  roofers  in  the  Los  Angeles  area.  The  na- 
tional average  price  in  1954  for  slag  granules  used  in 
roofing  was  $2.20  per  ton,  f.o.b.  plant  (North,  1956,  p. 
4).  Because  of  its  light  weight,  the  cost  of  slag  per  100 
square  foot  "square"  of  roof  in  southern  California  was 
about  $1.00,  compared  to  about  $2.00  for  white  granules, 
and  $3.00  for  natural-colored  granules,  in  1956. 

In  January  1957,  three  firms  in  California  were  mak- 
ing mineral  wool ;  all  used  slag  from  Fontana  as  a  princi- 
pal ingredient.  The  slag,  sized  about  1^  to  2  inches,  is 
remelted  to  liquid  state  in  cupola  and  reverberatory 
furnaces,  heated  by  coke  and  natural  gas,  respectively. 
Various  proportions  of  siliceous  gravel  and  other  types 


of  by-product  slags  (e.g.  phosphate-  and  borax-rich 
slags)  are  added  when  necessary  to  increase  the  silica 
and  alumina  content,  or  to  improve  other  properties  of 
the  melt.  High-pressure  steam  directed  against  a  small 
pouring  stream  of  molten  slag  disperses  and  transforms 
it  into  innumerable  fine  filaments  known  as  mineral  wool. 
A  thousand  pounds  of  slag  jdeld  about  880  pounds  of 
loose  mineral  wool,  which  when  further  processed,  yields 
about  620  pounds  of  usable  material  and  about  260 
pounds  of  waste  (Josephson,  1949,  p.  194). 

About  35,000  tons  of  Fontana  blast  furnace  slag  have 
been  consumed  in  California  for  the  manufacture  of 
mineral  wool  each  year  since  1950.  This  material  costs 
between  $2  and  $5  per  net  ton,  delivered  in  the  Los  An- 
geles area.  The  average  price  of  screened  air-cooled  slag 
used  for  mineral  wool  in  the  United  States  in  1954  was 
$1.38  per  ton  f.o.b.  plant  (North,  1956,  p.  4).  Finished 
mineral  wool  in  the  Los  Angeles  area  retailed  in  January 
1957  for  $1.50  per  sack  (4  cubic  feet,  granulated)  ;  $65 
per  1000  square  feet,  in  paper-backed  bats  one  inch 
thick ;  and  $85  per  1000  square  feet  in  bats  2  inches 
thick. 

The  waste  fraction  from  mineral  wool  production  con- 
sists mainly  of  tiny  globules  of  ' '  mineral  shot, ' '  or  glassy 
slag  that  was  not  fiberized  in  the  blowing  process.  Min- 
eral shot  is  sold  in  three  size  grades:  "straight-run," 
about  12-  to  60-mesh;  "30-mesh,"  about  18-  to  40-mesh; 
and  "50-mesh, "  about  40-  to  60-mesh,  for  sandblasting 
use  in  which  it  gives  about  10  times  the  service  of 
ordinary  sand. 

Straight-run  shot  are  used  for  sandblasting  in  ship- 
yards, the  30-mesh  grade  in  ordinary  sandblasting  room 
practice,  and  the  50-mesh  grade  on  aluminum  and  mag- 
nesium products  to  give  finer  finish.  About  10,000  short 
tons  of  mineral  shot  were  sold  per  year  for  sandblasting 
in  southern  California  during  the  early  1950s  for  prices 
ranging  from  $25  to  $40  per  ton  delivered.  The  quantity 
of  mineral  shot  produced  in  California  fell  below  the 
demand  in  1956  because  of  (1)  increased  use  of  spinning 
types  of  blowing  machinery,  which  make  higher  quality 
wool,  but  a  lower  proportion  of  shot  than  previous  types 
of  equipment,  and  (2)  increased  use  of  reverberatory 
type  furnaces  in  which  the  shot  may  be  remelted  instead 
of  discarded. 

A  relatively  minor  tonnage  of  slag  also  is  produced 
in  both  open-hearth  and  electric  furnace  steel-making 
processes,  and  in  other  metal-smelting  operations.  Cop- 
per and  lead  smelter  slags  are  utilized  in  other  states, 
and  have  been  used  in  California  in  past  years.  The 
principal  use  of  steel  furnace  slags  in  California  is  at 
Fontana,  where  local  open-hearth  slag  is  charged  into 
the  blast  furnaces  for  its  manganese  content. 
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Figure  23. 
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wool  at  the  Fontana  yard  of  Kaiser  Steel  Corporation. 
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Figure  24.  Cupola  furnace  used  to  manufacture  mineral  wool  at  the  Foutana  plant  of 
Mineral  Wool  Insulations  Company.  Pipes  leading  beneath  furnace  carry  high  pressure  steam, 
which  blows  the  molten  slag  into  fibers,  away  from  the  viewer.  Material  at  lower  right  is  allu- 
vial gravel  which  is  charged  into  the  furnace,  along  with  slag  and  coke,  to  supply  silica. 


Figure  25.  Charging  scrap  metal  into  one  of  the  three  8000-KVA  electric  furnaces  at  the 
Kaiser  Aluminum  and  Chemical  Corporation  ferrosilicon  plant  at  Permanente,  Santa  Clara 
County,  inactive  since  1953.  Selected  scrap  iron,  coke,  and  quartz  are  melted  and  combined  into 
ferrosilicon  by  electric  energy  supplied  from  the  two  electrodes  which  project  downward  into 
the  furnace  hearth  (right).  Photo  courtesy  of  Kaiser  Aluminum  and  Chemical  Corporation. 
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Figure  26.  Tapping  molten  ferrosilicon  from  one  of  the  electric  furnaces  at  the  Kaiser 
Aluminum  and  Chemical  Corporation  ferrosilicon  plant  at  Permanente,  Santa  Clara  County. 
Electrode  (upper  left)  has  been  raised  above  the  furnace  hearth.  Molten  material  flows  into 
sand  box  (right)  where  slag  is  skimmed  off  before  solidification.  Photo  courtesy  of  Kaiser  Alu- 
minum and  Chemical  Corporation. 
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KYANITE,  ANDALUSITE,  AND  RELATED  MINERALS 


By  Lauren  A.  Wright 


Kyanite  and  andalusite,  both  of  which  have  been 
mined  in  California  formally,  are  members  of  a  gronp  of 
^iliiminum  silicate  minerals  that  can  be  used  similarly 
ill  the  manufacture  of  refractories.  The  other  minerals  of 
I  lie  group — sillimanite,  dumortierite  and  topaz — occur  in 
California,  but  have  not  been  mined  commercially  here. 
In  an  industrial  sense,  they  commonly  are  referred  to  as 
I  the  sillimanite  group  minerals. 

All  of  the  kyanite  mined  in  California  has  been 
obtained  from  a  deposit  near  Ogilby,  Imperial  County, 
,111(1  all  of  the  andalusite  from  a  deposit  in  the  White 
.Mountains  of  Mono  County  (fig.  1).  Both  deposits  were 
mined  nearly  contemporaneously  from  the  1920 's  to  the 
niid-1940's  and  have  been  unworked  since.  Together  they 
yielded  a  total  of  about  36,000  tons  of  aluminum  silicate 
rock,  but  in  1955  they  remained  idle  largely  because  no 
ready  market  existed  for  the  kyanite  and  because  most 
of  the  known  bodies  of  higher  grade  and  easily  recovered 
andalusite  had  been  removed. 

Mineralogy,  Geology,  and  Out-of-State  Occurrences. 
Andalusite,  kyanite,  and  sillimanite  are  identical  in 
chemical  composition  (Al203-Si02),  but  have  different 
crystal  structures.  These  three  differ  in  chemical  com- 
position from  dumortierite  (8AI2O3 -6203 -68102 -1120) 
and  topaz  (2Al203-2Al(F-OH)3-3Si02)  principally  in 
the  presence  of  volatiles  in  the  latter  two.  Each  of  the 
five  has  a  vitreous  to  subvitreous  luster,  specific  gravities 
that  lie  in  the  range  of  3.1  to  3.7,  and  a  moderate  range 
of  colors.  Reddish  tints  are  characteristic  of  andalusite ; 
kyanite  is  commonly  blue ;  most  sillimanite  is  gray ;  topaz 
is  generally  colored  tints  of  yellow  to  white  or  gray ;  and 
blue,  greenish  blue,  or  violet  characterize  dumortierite. 
Kyanite  is  generally  distinguishable  from  the  other  four 
by  a  bladed  habit  and  by  two  hardnesses,  one  of  4  (on 
the  Mohs'  scale)  parallel  to  the  length  of  the  blade, 
and  the  other  of  7  parallel  to  the  width.  Andalusite,  sil- 
limanite and  dumortierite  have  hardnesses  in  the  range 
of  6  to  7.5  and  prismatic  habits.  Topaz  is  prismatic  and 
has  a  hardness  of  8.  Although  the  properties  cited  above 
are  helpful  in  field  determinations,  these  minerals  are 
best  identified  by  optical  methods. 

Andalusite,  kyanite,  sillimanite,  and  dumortierite  are 
most  common  in  metamorphosed  sedimentary  rocks.  In 
some  places  the  original  sediments  appear  to  have  been 
predominantly  argillaceous ;  but  most  of  the  deposits  of 
commercial  interest  appear  to  have  developed  from  clay- 
rich  ((uartzites.  Locally  these  minerals  occur  within  or 
associated  with  pegmatite  dikes  or  other  bodies  of  gra- 
nitic rocks.  Some  deposits  are  partly  or  wholly  of  con- 
tact-metamorphic  origin.  Quartz  veins  associated  with 
andalusite-  and  kyanite-bearing  rocks  also  commonly  con- 
tain these  minerals.  Topaz  is  most  abundant  in  acidic 
igneous  rocks  and  is  locally  a  constituent  of  metamor- 
phosed sedimentary  rocks. 

The  most  extensively  mined  of  the  domestic  kyanite 
deposits  are  in  the  southeastern  United  States.  Here  a 
belt  of  crystalline  rocks,  which  extends  from  Virginia  to 
Alabama,  contains  deposits  of  disseminated  kyanite 
whose  total  reserves  are  believed  to  be  measureable  in 
tens  of  millions  of  tons.  The  kyanite  occurs  in  quartz-rich 


metamorphic  rocks,  generally  in  proportions  of  20  to  30 
percent.  In  recent  years,  two  operations — one  near 
Clover,  South  Carolina,  and  another  near  Farmville,  Vir- 
ginia— have  been  the  source  of  all  of  the  kyanite  pro- 
duced in  the  United  States.  Several  hundred  tons  of 
kyanite  concentrates  from  these  operations  are  shipped 
into  California  annually. 

The  world 's  highest  quality  kyanite,  which  is  obtained 
from  northern  India,  occurs  as  massive  segregations  in 
quartz-kyanite  rock.  It  is  mined  in  the  form  of  residual 
boulders  that  have  weathered  from  bedrock  and  lie  on 
or  near  the  surface  of  the  ground.  The  mined  material 
consists  essentially  of  kyanite  and  about  10  percent 
corundum  and  contains  55  to  59  percent  AI2O3.  It  re- 
quires no  beneficiation  and  is  used  in  the  manufacture 
of  high-strength  refractories.  Kyanite  of  comparable 
grade  has  been  noted  in  Virginia,  but  apparently  is  not 
in  commercial  quantities  (Gunsallus,  1955). 

Outside  of  California,  the  only  domestic  production 
of  andalusite  on  a  commercial  basis  was  a  small  tonnage 
mined  in  1949  from  deposits  near  Hawthorne,  Nevada. 
In  these  deposits,  andalusite  and  other  high-alumina 
minerals  occur  in  bodies  in  metavolcanic  rock.  The  min- 
eralization is  most  intense  along  schistose  shear  zones. 
The  1949  output  consisted  of  about  3,000  tons  which 
was  shipped  to  the  Technical  Porcelain  and  Chinaware 
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FiGi'RE  1.  Index  map  of  California  sliowing  locations  of  the 
White  Mountain  andalusite  deposit  in  Mono  County,  and  the 
Ogilby  kyanite  deposit  in   Imperial  County. 
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Figure  2.     Index  map  of  parts  of  Mono  and  Inyo  Counties,  show- 
ing location  of  White  Mountain  andalusite  mine. 

Company  in  El  Cerrito,  California  (J.  D.  McLenegan, 
personal  communication,  1955). 

Dumortierite  segregations  in  quartz-sericite  schist 
near  Oreana,  Nevada,  have  been  the  only  commercial 
source  of  this  mineral  in  the  United  States  but  have 
not  been  worked  in  recent  years.  Small  tonnages  of  topaz 
were  produced  in  South  Carolina  in  the  period  1939- 
1945. 

Localities  in  California.  Nearly  all  of  the  andalusite 
mined  in  the  United  States  has  been  obtained  from  the 
previously  noted  White  Mountain  area  in  Mono  County, 
and  about  18  miles  north  of  Bishop  (fig.  2).  The  anda- 
lusite deposits  *  are  confined  to  a  zone  in  a  structurally 
complex  terrane  of  metamorphie  rocks  — ■  principally 
quartzite,  sericite  schist,  and  metaporphyry  —  of  unde- 
termined age.  The  whole  is  intruded  by  Mesozoic  quartz 
monzonite.  The  andalusite-bearing  zone  trends  roughly 
northward,  is  several  miles  long  and  probably  averages 
no  more  than  a  mile  in  width.  Within  the  zone  the  anda- 
lusite deposits  are  discontinuous  and  irregularly  distrib- 
uted, and  only  locally  have  they  proved  large  enough 
and  rich  enough  to  warrant  economic  development.  Most 
of  the  deposits  occur  within  or  iparginal  to  large,  elon- 
gate bodies  of  quartzite  that  rang'e  from  a  few  hundred 
feet  to  1200  or  more  feet  in  exposed  width.  Some  lie 
within  schist  that  borders  the  quartzite. 

Most  of  the  andalusite  rock  mined  in  the  White  Moun- 
tains area  has  been  removed  from  a  deposit  on  a  single 

•  Most  of  this  description  has  been  abstracted  from  the  following 
unpublished  report :  Lemmon,  D.  M.,  Geology  of  the  andalusite 
deposits  in  the  northern  Inyo  Range,  California :  Stanford  Uni- 
versity Ph.D.  thesis,  70  pp.,  1937. 


claim  which  lies  at  an  average  elevation  of  about  9,000 
feet  and  has  been  developed  by  workings  known  as  the 
Vulcanite  mine  (fig.  3).  Here  the  andalusite  rock  was 
found  to  occur  in  a  layer  much  of  which  was  exposed 
on  and  attached  to  a  steep,  east-facing  cliff  of  quartzite. 
This  layer  was  5  to  20  feet  thick,  about  400  feet  long, 
and  100  feet  in  vertical  dimension,  and  appeared  to 
lie  along  a .  pre-mineral  fault.  Andalusite  also  was  re- 
moved from  irregular  bodies  that  extended  for  as  much 
as  100  feet  from  the  outer  layer  into  the  cliff  and  ap- 
parently were  fracture-controlled.  Sharp  contacts  exist 
between  the  andalusite  rock  and  the  bordering  quartzite. 

The  Vulcanite  workings,  which  consist  mainly  of  steep, 
closely  connected  stopes,  yielded  a  total  of  about  20,000 
tons  of  hand-cobbed  rock  that  contained  53  percent  or 
more  of  andalusite.  For  several  years  the  minimum  ac- 
ceptable grade  was  held  at  81  percent.  By  determination 
of  the  specific  gravity  of  the  ore  a  reasonably  accurate 
control  of  the  andalusite  content  was  maintained  at  the 
mine.  Tliis  control  was  based  upon  the  difference  in  spe- 
cific gravity  between  andalusite  (sp.  gr.  3.20)  and  quartz 
(sp.  gr.  2.66),  the  principal  impurity.  The  hand-cobbed 
material  was  carried  4^  miles  on  muleback,  and  then 
trucked  an  additional  three  miles  to  a  stockpile. 

With  the  depletion  in  the  late  1930 's  of  the  known 
mineable  reserves  at  the  Vulcanite  mine,  operations  were 
transferred  to  bodies  known  as  the  "diaspore  veins" 
which  lie  about  1,000  feet  west  of  the  Vulcanite  work- 
ings and  are  exposed  nearly  1,000  feet  lower.  These 
veins,  which  occur  along  a  quartzite-schist  contact  as 
well  as  within  the  schist,  have  been  emplaced  along 
faults  that  dip  eastward  to  northeastward  (fig.  3).  They 
contain  high-grade  lenses  of  diaspore  accompanied  by 
various  proportions  of  rutile  and  pyrophyllite.  The  dia- 
spore appears  to  be  an  alteration  of  andalusite  of  which 
only  traces  remain  in  most  of  the  lenses.  Most  of  the 
diaspore-rich  rock  has  been  removed  from  bodies  along 
a  1,000-foot  segment  of  a  single  vein.  Workings  consist 
of  several  short  adits  at  different  elevations  and  small 
stopes  and  raises.  Diaspore  rock  was  the  last  material 
to  be  mined  and  was  used  in  the  same  manner  as  the 
andalusite.  The  last  of  the  diaspore  stockpile  was  re- 
moved in  the  mid-1950 's. 

The  largest  body  of  andalusite-bearing  rock  in  the 
mine  area  lies  about  3,500  feet  southwest  of  the  Vul- 
canite mine  and  on  the  opposite  side  of  a  deep  canyon. 
This  body,  known  as  the  Vulcanus  No.  8,  averages  about 
40  percent  andalusite  at  the  surface  and  was  not  mined 
extensively.  It  is  about  600  feet  long  and  230  feet  wide 
in  the  outcrop ;  the  depth  to  which  it  extends  is  unknown. 

Other  occurrences  of  andalusite  are  widespread  in 
California  (Murdoch  and  Webb,  1948,  pp.  47-48),  but 
none  of  those  noted  to  date  are  as  rich  as  the  White 
Mountain  deposit.  In  most  of  the  other  deposits,  the 
andalusite  is  disseminated  in  metamorphie  rocks.  The  best 
known  of  these  are  the  occurrences  in  Madera  County 
of  well-developed  crystals  of  the  variety  chiastolitr. 
Andalusite-bearing  pegmatites  have  been  noted  in  Fresno 
and  Riverside  Counties,  and  the  mineral  also  has  been 
noted  in  a  quartz  vein  in  San  Diego  County. 

The  kyanite  deposits  of  Imperial  County,  the  only 
source  of  commercial  kyanite  in  California  to  date,  are  in 
the  southwestern  part  of  the  Cargo  Muchacho  Moun- 
tains and  about  3  miles  north  of  the  Ogilby  rail  sidinu 
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Generalized  geologic  cross-section  tlirough  White  Mountain  andalusite-bearing  area.  After  D.  If.  Lemmon,  1037. 


(fig.  4).  In  a  geologic  setting  somewhat  similar  to  that 
of  the  White  Mountains  andalusite,  the  Ogilby  kyanite 
occurs  as  clusters  of  blue  blades  that  are  disseminated 
through  much  of  the  quartz-rich  part  of  a  layered  and 
highly  metamorphosed  pre-Mesozoic  formation  (Hen- 
shaw,  1942).  The  quartz-kyanite  rock,  which  locally 
contains  abundant  limonite,  is  discontinuously  exposed 
for  a  distance  of  about  1  mile  along  the  west  face  of 
the  mountains  and  locally  appears  to  be  as  much  as  400 
feet  thick.  Virtually  all  of  this  rock  contains  kyanite 
in  excess  of  15  percent.  The  mined  material  is  said  to 
have  averaged  35  percent  or  more  kyanite  and  large 
tonnages  of  this  grade  of  rock  apparently  remain. 

The  mining  was  confined  largely  to  a  single  hill  where 
a  steeply  dipping,  kyanite-rich  mass,  with  a  maximum 
thickness  of  about  400  feet,  has  been  developed  (fig.  5). 
The  kyanite  rock  was  removed  from  benches  in  a  large 
open  cut  that  was  about  140  feet  high  and  100  feet  in 
average  widtli  (fig.  6)  when  the  operation  was  shut 
down  in  1946.  The  presence  of  quartz  veins  and  masses 
of  kyanite-poor  quartzite  required  that  the  mining  be 
somewhat  selective,  but  only  a  small  part  of  the  kyanite- 
rich  mass  was  removed  during  this  operation.  The  rock 
was  sorted,  trucked  2  miles  to  Ogilby  siding,  and  hauled 
by  rail  to  Los  Angeles  for  treatment.  Other  bodies  that 
apparently  are  comparable  to  the  developed  one  are 
exposed  in  the  area,  but  have  not  been  worked.  Musco- 
vite-schist forms  part  of  the  same  formation  and  for 
many  years  has  been  mined  in  a  separate  operation  (see 
section  on  mica  in  this  volume). 

Utilization  and  Treatment.  The  usefulness  of  kyan- 
ite, andalusite  and  the  related  minerals  is  based  upon 
their  conversion  when  heated  to  temperatures  in  the 
range  of  2000°  F.  to  3000'^  F.,  to  a  mixture  of  mullite 


(3AI2O3 -28102)  and  free  silica.  As  mullite  is  stable 
to  3290°  F.,  has  a  low  thermal  expansion,  is  chemically 
inert,  and  has  high  strength,  it  is  valued  as  a  constituent 
of  refractories. 

The  mullite-silica  mixtures  thus  produced  differ  in 
their  texture,  density  and  relative  proportions  of  mullite 
and  silica,  depending  on  the  minerals  used  and  their 
textural  and  crystallographic  features.  Andalusite,  for 
example,    shows   little   volume    change    when    calcined. 


Figure  4.     Map  showing  location  of  Ogilby  kyanite  deposit, 
southeastern  Imperial  County,  California. 
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wlioreas  kyanite  expands  markedly.  The  bladed  kyanite, 
cliaracteristic  of  domestic  deposits,  also  cracks  and  ex- 
foliates to  produce  a  volume  increase  of  as  much  as 
200  percent;  whereas  Indian  kyanite,  which  is  massive, 
calcines  to  a  much  harder  and  less  porous  material. 
Moreover,  domestic  kj^anite  must  be  rather  finely  ground 
for  beneficiation,  whereas  Indian  kyanite  is  available  in 
much  coarser  form.  The  usefulness  of  domestic  kyanite 
in  refractory  manufacture  is,  therefore,  more  restricted 
than  that  of  Indian  kyanite.  Much  of  the  domestic  out- 
put is  used  in  refractory  cement. 

Mullite-siliea  mixtures  also  can  be  produced  by  sin- 
tering or  fusing  a  mixture  of  silica  and  various  alumi- 
nous materials  such  as  alumina,  bauxite,  or  diaspore 
clay.  The  product  is  known  as  synthetic  muUite.  With 
synthetic  mullite,  as  well  as  with  mullite  obtained  by 
calcining  minerals  of  the  sillimanite  group,  the  quality 
of  the  manufactured  refractory  depends  largely  upon 
the  size  and  density  of  the  grains. 

Most  mullite  refractory  bodies  are  manufactured  by 
bonding  mullite  of  specified  size  and  density,  then  power 
pressing  it  into  bricks  and  shapes  and  firing  it  in  one 
of  several  types  of  kilns.  Some  bricks  and  shapes  are 
formed  by  hand. 

Champion  Sillimanite,  Inc.,  which  operated  the  White 
Mountain  mine,  used  the  andalusite  as  a  raw  material 
in  the  manufacture  of  refractories  and  high-grade  por- 
celain for  spark  plugs  and  chemical  ware.  The  andalu- 
site-beariug  rock  was  shipped  to  the  Detroit  plant  of 
the  Champion  Spark  Plug  Company,  where  it  was 
crushed,  ground,  and  treated  magnetically  to  remove  the 
iron.  In  the  manufacture  of  refractories  it  was  screened 
to  minus  8  mesh  and  mixed  with  electrically  fused 
alumina.  For  porcelain  manufacture  the  andalusite  was 
mixed  with  fluxes,  clays,  dumortierite  and  water  and 
reground  to  minus  325  mesh.  The  mixture  was  again 
treated  magnetically,  and  then  sent  through  a  filter 
press,  molded,  and  fired  at  a  temperature  of  2715°  F. 
(Riddle  and  Foster,  1949). 

Kyanite  from  the  Ogilby  deposit,  which  was  operated 
by  the  Vitrefrax  Corporation  of  Los  Angeles,  was  also 
used  in  the  manufacture  of  refractories.  The  kyanite- 
quartz  rock  was  heated  to  a  temperature  of  1700°  F.  to 
1800°  F.  in  a  rotary  kiln.  Iron  oxide  was  thus  chemically 
reduced  to  allow  a  later  magnetic  separation.  Alpha 
quartz  was  converted  to  beta  quartz  by  this  heating  and 
again  became  the  alpha  variety  by  a  quenching  in  water. 

The  sudden  expansion  and  contraction  of  the  quartz, 
with  but  slight  volume  change  in  the  coarser  kyanite 
caused  a  separation  of  the  two  minerals.  Subsequent 
crushing,  followed  by  washing  over  slightly  inclined 
shaking  screens,  allowed  removal  of  the  quartz  and  re- 
tention of  relatively  pure  kyanite  blades.  A  mixture 
composed  of  the  kyanite  separate  and  other  high-alum- 
ina material  was  then  fused  in  an  electric  furnace. 
The  final  composition  approximated  that  of  mullite 
(3Al203-2Si02).  The  Vitrefrax  Corporation,  however, 
was  liquidated  in  1946  and  the  Ogilby  deposit  has  since 
been  idle. 

The  kyanite-producing  concerns  in  the  southeastern 
United  States  have  employed  rather  complex  flow  sheets 
that  involve  (1)  preliminary  grinding  or  disintegration, 
(2)  screening,  (3)  electromagnetic  treatment,  (4)  flota- 


tion, (5)  calcining  at  1480°  C.  in  a  rotary  kiln,  and  (6) 
grinding  to  sizes  in  the  range  of  minus  32  to  minus  200 
mesh.  The  concentrates  contain  90  percent  or  more 
kyanite. 

The  term  "high-alumina"  refractories  is  ordinarily 
applied  to  those  that  are  composed  largely  of  mullite  and 
contain  at  least  47.5  percent  AI2O3.  High-alumina  re- 
fractories are  graded  according  to  their  AI2O3  content, 
which  exceeds  90  percent  in  the  highest  grade;  and, 
according  to  their  pyrometric  cone  equivalents,  which 
range  from  34  to  at  least  38  with  corresponding  tem- 
peratures from  3200°  F.  to  at  least  3335°  F.  Because 
high-alumina  refractories  are  more  expensive  than  re- 
fractories made  from  fire  clays,  they  are  used  only  in 
refractory  bodies  for  which  the  specifications  for 
strength,  durability  and  resistance  to  slag  are  unusually 
high.  Such  bodies,  which  constitute  about  7  percent  of 
the  total  volume  of  refractories  manufactured  in  the 
United  States,  are  especially  important  in  the  metallurgi- 
cal, glass,  ceramic,  and  cement  industries.  The  bodies 
consist  principally  of  liner  blocks  and  fittings  for  types 
of  kilns  and  furnaces,  and  of  kiln  furniture  for  the 
ceramic  industry.  Nationally,  the  metallurgical  indus- 
tries consume  about  50  percent  of  the  domestic  output  of 
high-alumina  refractories  and  the  glass  industry  about 
40  percent.  The  ceramic  industry  is  the  principal  con- 
sumer of  the  remaining  10  percent  (Gunsallus,  1955). 

Before  World  War  II,  Indian  kyanite  was  the  prin- 
cipal mullite-forming  raw  material  used  in  the  manu- 
factux'e  of  high-alumina  refractories.  The  uncertainty  of 
the  Indian  supply,  however,  hastened  the  development 
of  synthetic  mullite  which  is  now  used  to  produce  re- 
fractories that  are  comparable  in  price  and  comparable 
or  superior  in  quality  to  those  made  from  Indian  kya- 
nite. Consequently,  the  imports  of  Indian  kyanite  into 
the  United  States  dropped  from  10,370  tons  in  1951  to 
4,835  tons  in  1952  (Gunsallus,  1955). 

In  1955,  the  volume  of  high-alumina  refractories  con- 
sumed annually  in  California  was  estimated  at  slightly 
more  than  1.5  million  "9-inch  equivalent,"  *  the  manu- 
facture of  which  required  about  9,000  tons  of  high- 
alumina  materials  mostly  in  the  range  of  50  to  70  per- 
cent AI2O3  (McLenegan,  1956).  Of  this  tonnage,  about 
one-third  was  used  in  the  manufacture  of  refractories 
for  California's  glass  industry,  about  one-third  for  its 
cement  industry  and  about  one-fifth  for  its  iron  and 
steel  industry.  About  80  percent  of  the  volume  of  high- 
alumina  refractories  marketed  in  California,  however, 
was  being  manufactured  in  the  eastern  United  States,  so 
that  the  state's  refractory  industry  offered  a  small  mar- 
ket for  high-alumina  materials. 

Markets  and  Prices.  In  1955,  several  hundred  tons 
of  domestic  kyanite  were  being  used  annually  in  Cali- 
fornia for  the  manufacture  of  kiln  furniture  for  the 
ceramic  industry.  This  constituted  the  only  ready  local 
market,  known  to  the  writer,  for  any  of  the  sillimanite 
group  minerals,  and  the  tonnages  involved  appeared  too 
low  to  support  the  mining  and  beneficiation  of  material 
from  local  deposits. 

A  survey  by  the  U.  S.  Bureau  of  Mines  (J.  D.  Mc- 
Lenegan, 1956)  indicates  that  the  potential  market  for 
sillimanite   group   minerals   in   California   and   Nevada 

*  A  9-inch  equivalent  Is  the  volume  of  a  9-Inch  brick  or  100  cubic 
inches. 
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is  about  10,000  tons  annually,  provided  lliat  the  high- 
alumina  refractories  consumed  in  this  region  were 
manufactured  locally  and  the  minerals  also  were  used 
to  up-grade  ordinary  fireclays.  With  an  adequate  local 
source  of  such  minerals,  this  survey  suggests  that  the 
demand  could  rise  to  as  high  as  40,000  tons.  However, 
this  market  would  have  to  be  met  by  material  contain- 
ing 50  to  80  percent  AUOs  and  much  of  it  would  have 
to  have  physical  properties  similar  to  those  of  Indian 
kyanite  or  synthetic  mullite.  Kyanite  of  the  type 
mined  and  beneficiated  in  the  southeastern  United  States, 
and  to  which  the  Ogilby  kyanite  appears  comparable, 
probably  would  be  satisfactory  for  only  a  relatively 
small  proportion  of  this  potential  market. 

The  prospective  producer  of  sillimanite  group  min- 
erals in  California,  therefore,  must  secure  local  markets 
that  are  yet  largely  undeveloped,  be  able  to  compete 
with  the  producers  of  synthetic  mullite,  and  maintain 
a  source  of  high-quality  raw  material.  Future  develop- 
ments in  high-alumina  technology,  however,  may  lead 
to  an  expanded  market  for  the  materials  available  in 
California  and  to  a  renewal  of  the  mining  of  sillimanite 
group  minerals  in  the  state.  If  so,  the  marketing  of  the 
local  products  would  be  favored  by  the  cost  of  shipping 
high-alumina  materials  from  eastern  states. 

Most  of  the  domestic  kyanite  consumed  in  California 
is  purchased  in  carload  lots  at  plants  in  South  Carolina 
and  Virginia.  At  these  plants  the  following  prices  per- 
tained in  1956:  35  mesh  material  in  carload  lots,  $29 
per  ton  bulk  and  $32  per  ton  bap-ged ;  200  mesh  mate- 
rial in  carload  lots,  $40  per  ton  bagged.  Imported  ky- 
anite, 60  percent  grade,  was  being  delivered  in  bags  at 
Atlantic  ports  for  $76  to  $81  per  ton.* 
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Deposits  ill  California  have  yielded  a  total  of  nearly 
450  million  pounds  of  lead  from  1877  through  1954. 
This  output  represents  about  eight-tenths  of  one  percent 
of  the  total  mine  production  of  recoverable  lead  in  the 
United  States  for  the  same  period.  During  the  decade 
ending  with  1954,  the  anmial  production  of  lead  in  Cali- 
fornia ranged  from  a  low  of  2,671  tons  in  1954  to  a  rec- 
ord high  of  15,831  tons  in  1950.  Mines  in  Inyo  County 
have  been  the  principal  sources  of  lead  in  California. 

Mineralogy  and  Geology.  The  primary  mineral  ga- 
lena (PbS)  is  the  chief  source  of  lead  throughout  the 
world,  but  the  secondary  minerals,  anglcsite  (PbS04) 
and  cerussite  (PbCOs).  also  are  significant  ore  minerals 
in  the  oxidized  zone  of  some  deposits.  Other  significant, 
although  less  abundant,  minerals  in  the  oxidized  zone  of 
lead  deposits  are:  those  of  the  pyromorphite  series 
[Pb3(P04,AS04)3Cl]  ;  linarite,  a  ba'sic  sulfate  of  lead 
and  copper;  plumbo-jaro.site  [PbFe(i(OH)i2(S04)4]  ; 
and  wulfenite  (PbMo04).  Zinc  and  silver  minerals  com- 
monly are  associated  with  lead  minerals  in  California 
as  well  as  throughout  the  world.  (See  sections  on  silver 
and  zinc  in  this  bulletin).  Primary  lead-zinc  deposits 
typically  occur  as  cavity  fillings  or  replacement  bodies 
and  occur  mostly  in  limestone  or  dolomite.  Most  lead- 
zinc  deposits  clearly  are  associated  with  intrusive  igneous 
rocks. 

In  the  oxidized  zone — which  lies  above  the  water  table 
and  in  which  oxygen  and  water  react  upon  minerals 
and  rocks — galena  alters  to  anglesite  which  in  turn  alters 
to  cerussite.  A  fragment  of  lead  ore  thus  oxidized  may 
consist  of  a  core  of  unaltered  galena  surrounded  by 
roughly  concentric  alteration  zones,  grading  outward 
through  anglesite  to  cerussite.  Anglesite  and  cerussite 
are  relative^  insoluble,  and  lead  ore  is  the  most  resistant 
of  all  base  metal  ores  to  further  chemical  alteration. 
Under  particularly  favorable  oxidizing  conditions,  lead 
may  be  leached  .slightly  but  not  enough  to  affect  the 
grade  of  the  ore  appreciably  for  more  than  a  few  feet 
below  the  surface. 

In  the  oxidized  zone,  however,  enrichment  can  take 
place  by  leaching  of  sulfur,  zinc  and  iron  and  possibly 
other  constituents  from  the  ore.  This  was  the  principal 
jirocess  in  the  formation  of  the  high-grade  lead-silver 
ores  that  were  first  mined  from  the  deposits  in  the  Cerro 
Gordo  and  Darwin  districts  in  California.  All  of  the 
lead  deposits  in  California  have  been  considerably  oxi- 
dized, but  primary  sulfide  minerals  are  present,  in 
minor  to  major  proportions,  in  all  of  them.  As  workings 
extend  deeper  into  a  deposit  to  zones  where  oxidation  is 
less  complete  than  at  higher  levels,  the  primary  sulfides 
become  the  most  abundant  ore  minerals. 

Localities  in  California.  Most  of  the  lead  produced  in 
California  has  been  obtained  from  three  districts,  each 
iif  which  is  in  Inyo  County.  These  are  (1)  the  Cerro 
Gordo  district,  about  13  miles  east  of  Lone  Pine  and 
near  the  crest  of  the  Inyo  Eange;  (2)  the  Darwin  dis- 
trict, about  35  miles  southeast  of  Lone  Pine;  and  (3) 
the  Tecopa  district,  at  the  southern  end  of  the  Nopah 
Range  in  the  southeastern  corner  of  Inyo  County. 


The  Cerro  Gordo  mine,  which  ranks  second  to  the 
Darwin  mines  as  a  source  of  lead  in  California,  has  a 
total  output  with  an  estimated  value  of  $15,000,000.  The 
Cerro  Gordo  district  is  credited  with  ore  valued  at 
$17,000,000.  The  Cerro  Gordo  mine  has  yielded  about 
150,000  tons  of  ore,  including  about  115,000  tons  of 
high-grade  lead-silver  ore  and  32,000  tons  of  oxidized 
zinc  ore.  Most  of  the  lead  ore  contained  40  percent  lead 
and  a  high  proportion  of  silver;  the  oxidized  zinc  ore 
contained  35  to  40  percent  zinc  (Carlisle  and  others, 
1954,  p.  42).  The  Cerro  Gordo  mine,  although  worked 
intermittently  until  the  late  1940 's  (Norman  and  Stew- 
art, 1951,  pp.  58-59),  has  not  been  a  significant  source 
of  lead  since  1877. 

The  host  rocks  for  the  ore  bodies  in  the  Cerro  Gordo 
district  are  limestone,  marble,  and  quartzite  beds  that 
comprise  the  Cerro  Gordo  limestone  of  Devonian  age. 
The  major  striictural  feature  in  the  mine  area  is  a  highly 
faulted  anticlinal  fold ;  the  Devonian  and  overlying 
Carboniferous  rocks  have  been  intruded  by  two  small 
stocks  of  monzonite  porphyry  and  by  dikes  of  monzonite 
porphvrv,  diabase  and  quartz-diorite  porphyry,  in  that 
order  "(Carlisle  et  al.,  1954,  p.  43). 

The  ore  bodies,  all  nearly  vertical,  south -plunging, 
chimney-like  bodies,  were  distributed,  according  to 
Knopf  (1918,  p.  113),  through  a  north-  to  northwest- 
trending  zone  1,500  feet  long  and  several  hundred  feet 
wide.  Horizontal  dimensions  of  individual  bodies  were 
small,  but  the  ore  shoots  were  fairly  persistent  vertically. 
The  Jefferson  stope,  on  the  most  southeasterly  ore  body, 
was  3  to  20  feet  wide,  70  feet  in  average  length  and 
1,000  feet  or  more  in  vertical  dimension.  The  China 
Stope  (Union)  ore  body,  800  to  950  feet  north  of  the 
Jefferson  body,  ranged  in  width  from  15  to  40  feet,  was 
as  much  as  100  feet  long,  and  was  mined  through  a  ver- 
tical range  of  about  550  feet.  These  two  ore  bodies  were 
the  largest  encountered  by  the  Cerro  Gordo  workings, 
although  four  other  ore  bodies  were  large  enough  to  have 
been  mined  and  named  individually. 

The  ore  minerals  are  argentiferous  galena,  cerussite, 
anglesite,  smithsonite,  sphalerite,  tetrahedrite,  and  py- 
rite.  Much  of  the  zinc  in  the  lead-rich  deposits  was  re- 
moved in  solution  and  formed  secondary  deposits.  Zinc 
ore,  composed  principally  of  smithsonite  and  commonly 
very  high  in  grade,  was  found  in  pipes  and  irregular 
masses  that  lay  on  the  footwall  side  of  the  lead  deposits. 
This  zinc  ore  was  mined  separately  during  the  period 
1911-15. 

The  principal  opening  of  the  Cerro  Gordo  mine  is  the 
900-foot  Belshaw  shaft  with  levels  at  85,  200,  400,  550, 
700  and  900  feet.  Winzes  from  the  900-foot  level  connect 
to  level  workings  at  1,000,  1,030,  1,100  and  1,150  feet. 
The  underground  workings  total  more  than  15  miles  in 
length. 

The  ore  bodies  of  the  Darwin  district  were  discovered 
in  1874  and  in  recent  years  have  been  the  principal 
source  of  lead  in  California.  They  occur  in  Pennsyl- 
vania limestone  which  is  folded  about  northeasterly  to 
northwesterly  axes.  The  major  structural  feature  is  a 
northwestward-plunging  anticline,  the  axis  of  which  lies 
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Figure  1.  Chart  showing  amount  and  value  of  lead  produced  in  California  and  annual  average  price — New  Yorl; — for  lead,  1897-1055. 
(Data  from  Averill,  C.  V.  and  others,  19.'i8,  California  mineral  production  for  19Ji6:  California  Div.  Mines  Bull.  139,  p.  J/S;  V.  S.  Bureau 
Mines,  various  issues.  Mineral  industry  surveys;  Eng.  and  Min.  Jour.,  various  issues,  Metal  and  mineral  markets.) 


near  the  crest  of  the  Darwin  Hills.  The  limestone  has 
been  silicated  in  a  wide  zone  peripheral  to  a  quartz 
diorite  stock  that  was  intruded  mainly  along  the  core 
of  this  anticline  and  for  an  exposed  distance  of  about  5 
miles. 

Mineralization  is  mesothermal,  related  to  the  quartz 
diorite,  and  has  been  guided  by  igneous  contacts,  bed- 
ding planes  and  cross  fractures.  "In  order  of  import- 
ance, the  orebodies  are:  (1)  bedded  replacements  that 
commonly  are  more  or  less  localized  along  anticlinical 
flexures,  and  lie  near  but  not  in  contact  with  the  intru- 
sive sills;  (2)  irregular  replacements  of  the  silicated 
limestone  along  fissures;  and  (3)  fissure  fillings"  (Car- 
lisle et  al.,  1954,  p.  45). 

The  principal  ore  bodies  lie  in  two  groups  along  or 
near  the  west  side  of  the  quartz  diorite  stock.  One  group 
is  mined  through  the  Defiance  group  of  workings;  the 
other  group  lies  1,500  to  2,000  feet  north  and  is  mined 
through  the  Thompson  and  Independence  workings.  The 
Defiance,  Thompson,  and  Independence  mines  formerly 
were  operated  through  adits  and  inclined  shafts.  All  the 
workings  now  are  connected  to  the  Radiore  tunnel,  also 
known  as  the  400-level.  The  ore-bearing  zones  have  been 
explored  and  mined  through  a  vertical  range  of  about 
750  feet.  Most  of  the  workings  in  the  Defiance  mine  are 


confined  to  a  block  roughly  700  feet  square  in  horizontal 
section.  The  Thompson  and  Independence  workings  are 
contained  in  an  elongate  block,  about  1,500  feet  long  and 
500  to  900  feet  wide  (Norman  and  Stewart,  1951,  pi.  2). 

The  major  primary  sulfides  are  argentiferous  galena 
and  sphalerite.  Minor  to  very  minor  proportions  of  py- 
rite,  ehalcopyrite,  tetrahedrite,  bornite,  chalcocite  and 
covellite  are  present.  Extensive  but  irregular  oxidation 
has  produced  cerussite,  anglesite,  plumbo-jarosite,  sooty 
argentite  and  cerargyrite.  Leaching  of  zinc,  sulfur  and 
some  iron  has  been  important  in  the  residual  enrich- 
ment of  the  oxidized  ore  (Davis  and  Peterson,  1949, 
p.  138).  The  deposits  also  contain  numerous  rare  min- 
erals and  mineral  associations.  During  World  War  II, 
the  Darwin  mine  yielded  several  hundred  tons  of  high- 
grade  oxidized  lead-silver  ore  that  contained  10  to  15 
percent  WO,,,  much  in  the  form  of  well-developed  schee- 
lite  crystals. 

Little  has  been  published  concerning  the  size  of  indi- 
vidual ore  bodies,  but  Davis  and  Peterson  (1949,  pp. 
139-142)  describe  a  disc-shaped  ore  body  40  feet  thick 
at  mid-section  and  about  150  feet  in  maximum  dimen- 
sion. Ore  extracted  from  this  body  totaled  about  40,000 
tons.  A  large  ore  body  in  the  Essex  ore  zone  of  the 
Thompson  and  Independence  group  was  mined  down- 
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Figure  2.     Longitudinal  section  of  the  Essex  region,  Tliompson  and  Independence  group,  Darwin  Mines.  After  Davis  and  Peterson,  19^0. 


ward  for  about  500  feet  from  the  surface,  along  a  strike 
length  of  about  50  feet,  and  across  a  width  of  about  20 
feet  (Davis  and  Peterson,  1949,  p.  142). 

Shipping-grade  ore,  possibly  15  percent  lead  or  higher 
in  grade,  constitutes  less  than  10  percent  of  the  ore 
mined  and  is  mostly  oxidized  material.  Lower-grade  ore 
is  treated  in  the  350-ton  concentrating  plant  at  Darwin. 
Mill  heads  average  6  percent  lead,  7  percent  zinc  and  5 
ounces  of  silver  per  ton  (Huttl,  1953,  pp.  81-83).  Oxide 
ore,  which  is  concentrated  in  a  separate  mill  circuit, 
averages  7  percent  lead. 

The  value  of  the  total  production  of  the  principal 
mines  in  the  Darwin  group  to  1953  is  estimated  to  be 
about  $25,000,000.  This  can  be  broken  down  as  follows : 
$3,000,000  prior  to  1900;  $4,000,000  between  1900  and 
1945  when  the  Anaconda  Copper  Mining  Company  pur- 
chased the  property ;  and  $18,000,000  between  1945  and 
1953  (Carlisle  et  al.,  1954,  p.  44).  From  August  1945  to 
March  1954,  about  100,000,000  pounds  of  lead,  44,000,000 
pounds  of  zinc,  and  5.600,000  ounces  of  silver  were  re- 
covered (Kildale,  M.  B.,  1954,  personal  communication). 
Early  in  1954,  a  drop  in  the  price  of  lead  and  zinc  caused 
the  operations  at  Darwin  to  be  discontinued,  but  they 
were  resumed  in  1955. 

Nearly  all  the  lead  ore  from  the  Teeopa  district  has 
been  produced  from  several  mines  that  are  consolidated 
as  the  Anaconda  Copper  Company's  Shoshone  mines. 
The  host  rock  for  all  the  ore  bodies  is  the  Noonday  dolo- 
mite of  Lower  Cambrian  ( ?)  age.  This  formation  lies  un- 
comformably  upon  pre-Cambrian  metamorphie  and  sedi- 
mentary rocks  and  is  overlain  by  other  Lower  Cambrian 
( ?)  sedimentary  rocks.  The  ore  bodies  were  formed  along 
the  Shoshone  fault  vein  (Carlisle,  et  al.,  1954,  p.  46) 
which  trends  northwest.  Th"e  largest  ore  bodies  appear  to 


have  formed  at  junctions  of  the  Shoshone  fault  with 
cross  fractures  and  faults. 

Most  of  the  ore  in  each  of  the  deposits  is  highly  oxi- 
dized. Cerussite  and  anglesite  are  predominant,  and 
are  associated  with  iron  oxides,  smithsonite,  calamine, 
linarite,  and  caledonite.  Residual  galena,  pyrite,  and 
sphalerite  are  present  in  minor  proportions. 

The  principal  mines  of  the  Shoshone  Mines  group  are : 
the  Noonday;  the  Columbia,  which  lies  about  a  quarter 
of  a  mile  to  the  southwest  on  a  faulted  segment  of  the 
Shoshone  vein ;  and  the  War  Eagle,  which  lies  about 
two-thirds  of  a  mile  southeast  of  the  Noonday.  The  Gun- 
sight  mine,  about  2  miles  northwest  of  the  Noonday,  was 
not  worked  by  the  Anaconda  Company  but  apparently 
was  the  site  of  the  earliest  mining  in  the  area. 

The  Gunsight  mine,  discovered  in  1865  (Waring  and 
Huguenin,  1919,  p.  95),  was  most  active  from  1912-28. 
During  this  period,  the  mine  yielded  55,000  tons  of  ore 
which  averaged  7.84  percent  lead  and  9.38  ounces  of 
silver  per  ton.  Although  the  deposit  was  extensively 
explored  to  an  inclined  depth  of  nearly  1,000  feet,  most 
of  the  ore  came  from  a  single  shoot  (Sampson,  1937, 
p.  267)  that  had  a  strike  length  of  possibly  300  feet,  a 
dip  length  of  600  feet  and  a  maximum  thickness  of  about 
20  feet. 

The  Noonday  mine,  and  the  adjoining  Grant  mine  to 
the  south,  likewise  were  active  principally  from  1912-28 
and  yielded  about  93,000  tons  of  ore,  most  of  which  came 
from  the  Noonday  and  averaged  15.39  percent  lead  and 
7.29  ounces  of  silver  per  ton.  The  average  grade  of  the 
ore  from  the  Grant  was  11.05  percent  lead  and  8.87 
ounces  of  silver  per  ton  (Tucker  and  Sampson,  1938, 
p.  448).  These  deposits  were  explored  for  an  aggregate 
strike  length  of  nearly  2,000  feet  and  to  an  inclined 
depth  of  600  feet. 
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Starting  in  1947,  when  the  Anaconda  Company  pur- 
chased the  group  of  mines,  the  principal  activity  was  at 
the  Columbia  and  "War  Eagle.  Extensive  workings  from 
adits  and  inclined  shafts  allowed  exploration  of  the  de- 
posits to  an  inclined  depth  of  965  feet  in  the  Columbia 
mine  and  1200  feet  in  the  War  Eagle  mine.  An  ore  shoot 
in  the  War  Eagle,  continuous  from  the  500-level  to  the 
690-level  and  possibly  lower,  yielded  ore  that  contained 
20  to  40  percent  lead  and  about  half  an  ounce  of  silver 
per  ton  for  each  percent  of  lead  (Norman  and  Stewart, 
1951,  p.  80). 

Prior  to  1947,  all  the  mines  in  the  Shoshone  group  had 
yielded  about  250,000  tons  of  ore  that  had  a  gross  value 
of  about  $5,000,000.  More  than  half  of  this  was  produced 
by  the  Tecopa  Consolidated  Mining  Company  during  the 
period  1912-28.  Operations  by  the  Anaconda  Company 
resulted  in  the  production  of  more  than  160,000  tons  of 
ore  that  contained  about  40,000,000  pounds  of  lead, 
6,000,000  pounds  of  zinc,  870,000  ounces  of  silver  and 
15,600  ounces  of  gold.  One-third  of  this  ore  was  of  ship- 
ping grade,  averaging  27  percent  lead,  11  ounces  of  silver 
and  0.2  ounce  of  gold  per  ton  (Carlisle,  et  al.,  1954, 
p.  46).  The  operations  were  suspended  late  in  1952,  but 
were  resumed  in  1956. 

The  Santa  Rosa  mine  at  the  southern  end  of  the  Inyo 
Range  also  has  been  an  important  source  of  lead  in 
California.  Mining  operations,  which  started  in  1911, 
have  yielded  a  total  of  36,854  tons  of  ore  containing 
11,990,792  pounds  of  lead,  487,347  pounds  of  copper, 
4,105  pounds  of  zinc,  426,543  ounces  of  silver  and  478.7 
ounces  of  gold  (Mackevett,  1953,  p.  4).  The  ore-bearing 
veins  are  in  extensively  silicated  Permian  (?)  limestone 
exposed  in  windows  of  Tertiary  and  Quaternary  (?) 
volcanic  rocks.  Most  of  the  veins  are  north-trending  and 
have  formed  along  faults  that  lie  parallel  to  the  bedding ; 
fissure  filling  was  the  dominant  vein-forming  process 
(Mackevett,  1953,  p.  7).  Oxidation  has  been  extensive 
and  nearly  complete.  The  most  extensive  workings, 
which  were  driven  on  a  single  vein,  extend  to  an  inclined 
depth  of  352  feet. 

Several  mines  in  the  northern  end  of  the  Argus  Range 
in  Inyo  County,  principally  in  the  Modoc  district,  have 
yielded  appreciable  quantities  of  lead  ore.  The  Defense 
mine  in  the  Modoc  district  is  notable  for  the  rare  min- 
eral coronadite  (MnPbMne,0i4)  which  is  abundant 
enough  here  to  constitute  an  ore  of  lead  and  is  asso- 
ciated with  galena  and  its  products  of  oxidation. 

Most  of  the  rest  of  the  lead  that  has  been  mined  in 
California  has  been  a  by-product  of  the  copper  and  gold 
mines  of  the  Sierran  foothill  and  Klamath  Mountains 
areas  (see  sections  on  copper  and  gold  in  this  bulletin). 
Other  areas  that  have  yielded  relatively  small  quanti- 
ties of  lead  ore  include  the  Clark  Mountain  district  in 
northeastern  San  Bernardino  County,  the  Santa  Rosa 
district  in  Orange  County,  and  the  northern  Panamint 
Range  in  Inyo  County. 

Utilization.  Lead  probably  was  one  of  the  first  metals 
to  be  won  from  its  ores  by  smelting.  The  Chinese  appar- 
ently used  lead  for  coins  as  early  as  2000  B.C.,  and 
some  authorities  claim  the  Egyptians  used  lead  as  early 
as  7000  to  5000  B.C.  Roman  artisans  used  lead  exten- 
sively for  water  pipes  and  other  articles.  Lead  pipes  as 
large  as  100  inches  in  diameter  have  been  found  in  ruins 


of  ancient  cities  in  Asia,  Egypt  and  Greece  (St.  Joseph 
Lead  Co.,  1951,  p.  31). 

The  properties  of  lead  that  make  it  most  useful  are 
its  softness  and  workability,  high  specific  gravity,  ex- 
treme resistance  to  corrosion,  and  a  combination  of  low, 
melting  point  and  high  boiling  point.  It  also  forms  many* 
useful  alloys  and  chemical  compounds.  The  Lead  Indus- 
tries Association  has  estimated  that,  of  the  lead  con- 
sumed in  the  United  States,  10  percent  is  used  primarily 
because  of  its  specific  gravity ;  30  percent  because  of  its; 
softness,    malleability    and   resistance   to   corrosion;    25' 
percent  because  of  its  alloying  properties,  and  33  percentl 
because  of  the  properties  of  its  chemical  compounds 
(Perry,  1945,  pp.  66,  67).  : 

About  two-thirds  of  the  lead  used  is  in  a  metallic 
form,  alone  or  alloyed.  Although  lead  has  a  very  wide 
variety  of  uses,  about  84  percent  is  absorbed  by  five 
principal  uses.  In  1954,  these  were  apportioned  approxi-J 
mately  as  follows  (Bishop  and  den  Hartog,  1956,  p.  6) : 
storage  batteries,  31  percent;  tetraethyl  lead  gasoline, 
15  percent ;  cable  coverings,  12  percent ;  paint  pigments, 
10  percent;  and  construction  (calking  lead,  solder,  pipe, 
sheet,  etc.),  16  percent. 

The  alloys  of  lead  are  broadly  divisible  into  antimony 
alloys,  bearing  alloys,  solders,  type  metals  and  low  melt- 
ing alloys.  Lead  is  alloyed  more  frequently  with  anti- 
mony than  with  any  other  metal.  The  proportion  of 
antimony  in  such  alloys  ranges  from  a  mere  trace  to  25 
percent.  As  this  hardens  the  lead,  so  that  it  resists  abra- 
sion and  mechanical  damage,  the  alloy  is  used  in  cable 
covering,  pipe  and  sheet  lead,  bearing  metal,  and  grids 
for  storage  batteries.  Lead-antimony-tin  alloys  are  used 
in  type  metals.  In  such  metals  the  addition  of  tin  adds 
to  the  ease  of  casting  at  low  temperature. 

The  low-melting  eutectic  alloys  of  lead  with  bismuth, 
tin,  cadmium,  or  indium  are  unique  in  that  the  melting 
temperature  of  any  one  of  these  alloys  is  lower  than  the 
melting  temperature  of  the  individual  components.  In 
recent  years,  the  use  of  this  type  of  alloy  in  fire  detec- 
tion and  alarm  systems,  in  safety  plugs  for  compressed 
gases  and  in  many  other  types  of  equipment  has  ex- 
panded very  rapidly.  During  World  War  II,  the  War 
Production  Board  placed  these  alloys  under  allocation 
to  insure  proper  distribution  to  essential  war  industries. 
The  use  of  lead  carbonate  and  oxides  as  pigments  has 
increased  slightly  in  recent  years,  but  has  not  reflected 
the  increased  consumption  of  all  pigments  in  the  paint 
industry.  Titanium  oxide  has  been  used  increasingly  as 
a  substitute  for  basic  lead  carbonate  as  a  white  hiding 
pigment.  The  synthetic  iron  oxides  are  being  used  in 
place  of  litharge  and  red  lead  as  hiding  pigments.  The 
largest  single  use  of  the  oxides  of  lead  is  in  storage  bat- 
tery manufacture.  That  industry  uses  nearly  as  much 
lead  in  the  oxide  form  as  in  the  form  of  antimonial  lead. 
Glass  that  contains  lead  has  a  higher  refractive  index 
than  ordinary  glass,  thus  leading  to  its  use  in  decorative 
and  household  items  such  as  fancy  table  glassware,  in 
which  brilliance  is  desired,  and  to  its  use  in  optical 
equipment.   Optical  glass  may  contain  as  much  as  75 
percent  lead.  Lead  in  glass  also  increases  its  electrical 
resistivity.  Glass  containing  as  much  as  30  percent  lead 
is  used  in  the  manufacture  of  television  tubes  and  other 
electronic  components. 
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Large  amounts  of  lead  are  used  to  protect  personnel 
from  radiations,  principally  gamma  rays,  emitted  in 
laboratories  and  atomic  reactor  installations.  Efficient 
radiation  protection  is  a  function  of  density,  and  lead 
has  the  highest  density  of  any  commonly  available  ma- 
terial. Lead  does  not  become  radioactive  after  exposure 
to  radiation  and  can  be  used  continuously. 

Substitutes  for  lead  are  increasing  in  number  and 
quantity.  Possibly  the  greatest  competition  lies  in  pig- 
ment manufacture,  where  titanium  and  zinc  are  the 
chief  competitors,  and  in  the  cable  covering  industry,  in 
which  aluminum  and  extruded  polyethylene  are  becom- 
ing more  widely  used.  Lead  continues  to  be  essential, 
however,  in  the  uses  that  consume  the  largest  quantities, 
and  new  uses  for  lead  continue  to  be  found;  for  ex- 
ample, aluminum  coated  with  vitreous  enamel  contain- 
ing 30  to  50  percent  lead  has  considerable  potential  as 
an  exterior  structural  and  ornamental  material. 

Lead  is  extremely  resistant  to  corrosion,  and  a  large 
proportion  of  lead  in  use  can  be  recovered  as  scrap  and 
made  available  for  re-use.  Lead  has  the  highest  recovery 
factor  of  the  common  metals.  Recovery  factors  for  lead 
have  been  estimated  for  several  categories  of  use  as 
follows  (Merrill,  1951,  p.  33)  :  cable  coverings,  90  per- 
cent; type  metal,  90  percent;  storage  batteries,  85  per- 
cent ;  bearing  metal,  60  percent ;  building  metals  (calking 
lead,  sheet,  pipes,  etc.),  15  percent;  and  other  non-de- 
structive uses,  32  percent.  The  useful  life  of  the  product 
determines  the  recovery  period  for  the  lead  contained 
therein.  This  may  range  from  a  few  hours  or  months  for 
I  ype  metal  to  possibly  20  years  for  cable  coverings ;  re- 
covery time  for  lead  in  storage  batteries  may  be  2  to  3 
years.  On  the  basis  of  the  recovery  factors  stated  above, 
about  60  percent  of  the  lead  in  use  ultimately  will  be 
tecovered  as  scrap.  Lead  is  not  recovered  from  such 
products  as  tetraethyl  lead  used  in  gasoline  and  pig- 
ments. The  national  production  of  reclaimed  lead  in 
1954  was  nearly  481,000  tons  and  for  the  seventh  suc- 
cessive year  surpassed  the  amount  obtained  from  mines 
(Bishop  and  den  Hartog,  1956,  p.  5). 

During  1954,  all  uses  accounted  for  a  domestic  con- 
sumption of  1,094,871  short  tons  of  lead.  During  the 
decade  ending  with  1954,  the  annual  domestic  consump- 
tion ranged  from  956,000  tons  in  1946  to  1,238,000  tons 
(an  all-time  high)  in  1950;  the  average  annual  consump- 
tion for  this  period  was  1,112,000  tons  (Bishop  and  den 
Hartog,  1956,  p.  6;  Bishop  and  Mentch,  1956,  p.  456). 

Lead  consumption  in  California  during  1954  amounted 
to  67,260  tons,  of  which  60  percent  was  in  the  form  of 
refined  lead,  31.6  percent  in  the  form  of  antimonial  lead 
and  the  remaining  8.4  percent  in  other  forms  (Bishop 
and  den  Hartog,  1956,  p.  7).  Battery  manufacturing  is 
the  largest  lead-consuming  manufacturing  industry  in 
California. 

Mining  and  Milling.  Lead  ores  in  California  are 
mined  by  normal  underground  methods,  as  contrasted 
with  some  of  the  very  large-scale  room-and-pillar  methods 
used  in  mining  the  disseminated  lead  deposits  of  south- 
eastern Missouri.  At  the  Darwin  mines,  for  example, 
most  of  the  ore  is  mined  in  sub-level  stopes. 

All  mines  in  California  have  yielded  ore  of  shipping 
grade,  and  small  operators  have  had  to  depend  on  ship- 
ping-grade ore.  At  the  larger  mines,  however,  the  bulk 
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Figure  3.  Schematic  flowsheet  of  small  gravity  concentration 
plant.  Adapted  from  description  of  Reward  mill,  Inyo  County: 
Norman  and  Stewart,  1951,  p.  49. 

of  the  ore  has  been  milled.  At  Darwin,  for  example, 
dailv  production  of  shipping-grade  ore  in  1953  amounted 
to  o\ilv  25  tons,  but  daily  mill  capacity  was  150  tons 
of  oxide  ore  and  300  tons  of  sulfide  ore  (Carlisle  et  al., 
1954,  p.  44). 

Lead  sulfide  minerals  (and  the  zinc  sulfide  nunerals 
in  normal  association)  are  readily  amenable  to  concen- 
tration by  the  flotation  process.  Consequently,  flotation 
is  the  most  widely  used  method  of  concentration  of  lead 
ores.  Gravity  concentration,  utilizing  tables,  jigs,  or 
both,  may  be  used  in  smaller  mills  (see  fig.  3).  If  fine 
grinding  is  required  to  liberate  the  ore  minerals  from 
the  gangue,  excessive  loss  of  values  in  the  fines  might 
decrease  recovery  below  a  profitable  point  in  a  straight 


FiGtjRK  4.     Schematic  flow.sheet  of  Darwin  llines  mill.  Adapted 
from  Iltittl,  1953,  pp.  82-83,  and  Norman  and  Stewart,  1951,  pp. 
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gravity  plant.  Excessive  loss  usually  is  experienced  in 
attempts  to  concentrate  by  gravity  alone  an  ore  in  which 
much  of  the  lead  is  contained  in  oxidized  minerals, 
especially  the  brittle  carbonate,  cerussite.  A  more  com- 
plex system  is  illustrated  in  the  schematic  diagram  (fig. 
4)  of  the  mill  at  Darwin  mines,  in  which  both  sulfide 
and  oxide  ores  are  concentrated. 

In  contrast  to  the  sulfide  ores,  which  are  relatively 
easily  concentrated  by  flotation,  the  oxidized  ores  first 
must  be  treated  to  effect  sulfidization  of  the  oxide  min- 
erals. This  is  accomplished  by  adding  a  water-soluble 
sulfide,  usually  sodium  sulfide,  to  the  circuit  in  the  flota- 
tion cells  after  any  intermixed  natural  sulfide  minerals 
have  been  floated  off.  A  surface  reaction  follows,  and  the 
oxide  particles  are  coated  with  a  very  thin  layer  of 
lead  sulfide.  These  surface-treated  particles  then  can  be 
floated  as  normal  sulfide  minerals.  Cerussite  is  most 
amenable  to  this  treatment,  but  anglesite  reacts  more 
slowly;  treatment  of  other  oxidized  lead  minerals,  such 
as  pyromorphite  and  wulfenite,  has  proved  unsatis- 
factory (Gaudin,  1932,  pp.  292-293).  The  grade  of  the 
oxide  ore  treated  at  Darwin  averages  7  percent  lead,  and 
recovery  is  87  percent  (Huttl,  1953,  p.  83). 

The  Smelting  Process — Selling  Ores  and  Concentrates. 
Lead  is  recovered  from  ore  and  concentrates  by  a  smelt- 
ing process  that  follows  roasting  or  sintering  of  the  ore 
to  reduce  the  sulfur  content.  The  roasted  or  sintered  ore 
is  charged,  together  with  limestone  and  coke,  into  a  blast 
furnace.  The  limestone  and  coke  are  necessary  for  slag- 
ging and  reduction  purposes.  The  lead  is  recovered  as 
base  bullion  which  may  contain  as  much  as  95  percent 
of  the  lead  in  the  charge.  The  base  bullion  is  treated  at 
a  lead  refinery  to  produce  refined  lead  and  to  recover 
precious  metals  (see  section  on  silver  in  this  bulletin). 
Figure   5   shows   the  flowsheet   of   the   smelter   of  the 


American  Smelting  and  Refining  Company  at  Selby  in 
Contra  Costa  County. 

The  problems  involved  in  smelting  are  reflected  in 
the  charges  levied  for  processing  the  ore  and  in  the  pay- 
ments made  to  the  producer  for  the  valuable  metals  con- 
tained in  the  ore.  The  payment  for  ore  shipped  to  a 
smelter  frequently  is  lower  than  the  shipper  had  antici- 
pated, and  this  often  leads  to  disagreement  between  the 
shipper  and  the  smelting  company.  Prospective  shippers 
therefore  should  understand  the  factors  involved  in  the 
determination  of  the  net  payments  for  material  received 
at  the  smelter.  The  shipper  should  recognize  that  several 
charges  are  made  for  processing  a  shipment  of  ore,  and 
that  deductions  of  several  types  are  made  from  the  gross 
value  of  the  ore. 

Tables  1  and  2  summarize  the  charges  and  payments 
shown  on  the  open  schedules  of  three  western  smelters. 
A  prospective  shipper  should  contact  a  smelting  com- 
pany to  obtain  actual  copies  of  open  schedules,  which 
are  summary  statements  of  the  terms  that  may  be  used 
as  a  basis  for  the  determination  of  payments  for  rela- 
tively small  shipments.  Shipments  to  which  open  sched- 
ule may  be  applied  usually  are  limited  to  100  to  200 
tons  per  month.  The  open  schedule  is  of  service  to  a 
prospective  shipper  after  he  has  had  his  ore  assayed,  in 
that  it  enables  him  to  calculate  the  approximate  net 
payment  from  the  smelter.  He  should,  however,  send  a 
representative  sample  to  the  smelter;  after  analyzing 
this  sample,  the  smelting  company  will  indicate  the  pay- 
ment they  will  make  for  ore  of  the  grade  and  type  repre- 
sented by  the  sample.  Actual  payment,  however,  will  be 
based  upon  assays  of  samples  taken  from  the  shipment 
of  ore  after  it  has  been  received  at  the  smelter. 

Contracts  that  involve  terms  other  than  those  stated 
in  an  open  schedule  commonly  are  drawn  between  the 


Talle  1. 

Smelter  charges.* 

Charges  for: 

American  Smelting,  Refining  and 

Mining  Co. 

Selby,  California 

U.  S.  Smelting,  Kefining  and 
Mining  Co. 

Mid  vale,  Utah 

International  Smelting  and 
Refining  Co. 
Tooele,  Utah 

Base  charges  when  dry  assay  is  30%  lead: 

S6 .  00  per  ton                                                          $8 .  00  per  ton                                                          $8 .  50  per  ton 

Add  10  cents  per  ton  for  each  unit  of  lead  under  30% 
Credit  10  cents  per  ton  for  each  unit  of  lead  over  30% 

10  cents  per  unit 

Arsenic,   antimony  and  tin   com- 
bined 

1%  free;  excess  charged  at  30  cents  per 
unit 

Arsenic:  charge  for  all  at  SI  .75  per  unit 

Arsenic  and  antimony:  charge  for  all  at  50 
cents  per  unit 

7%  free 

Charge  for  excess  a 

6%  free 
t  30  cents  per  unit 

Charge  15  cents  per  unit  if  zinc  is  paid  for; 
if   no  payment  for  zinc,   6%   free,   and 
excess  charged  at  25  cents  per  unit 

Charge  for  all  at  50  cents  per  pound 

Shipment  subject  to  rejection  if  more  than 

0.1% 

Probable  charge  but  not  stated 

Maximum  charge  S2 .  50  per  ton 

2%  free.  Excess  charged  at  25  cents  per  unit 

Maximum  charge  $3.00  per  ton 

Maximum  charge  $2 .  50  per  ton 

1%  deduction  on  wet  weight  of  shipment. 
Actual  moisture  weight  deducted  up  to 
content  of  10%.  Charge   10  cents  per 
unit  for  excess  of  10%. 

Not  stated,  but 

*  Information  summarized  from  open  smelter  schedules. 
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MINES 


Lead    ores    and    concenlrotes 
Gold   and    Silver    ores    and    concentrates 


Limerock- 


SINTER  PLANT- 
(Dwight-  Lloyd) 

Sinter 


-Gases  - 


Scrap  iron  - 


Su/p/iur    dioxide 

I 

-ACID     PLANT 


i-Co/te 


Liquid   sulphur 
dioxide 


n 


Sulphuric 
acid 


550  Ton 

I— BLAST    FURNACE 


Lead  bullion 


Copper  -  rich   speiss 


DROSSING    KETTLE 


Dross 
(Lead  -  copper  arsenides 
and    antimonides) 

I 
REVERBERATORY     FURNACE- 


—  Spe/ss 
and   matte  — ' 


n 


ead 
bullion 


COPPER   REFINERY 
Tacomo,  Washington 


■BAG     HOUSE- 


Lead     fume 
or    when     fume 
high    in    cadmium  — 


Slag 

( Calcium  -iron  silicate, 
magnesium  -  aluminum 
silicate,  zinc   oxide  ) 


200  Ton 
REVERBERATORY   SOFTENING    FURNACE 


-ZINC     FUr^ING     PLANT 

-r 


Skim 


(Antimony   oxide. 
Tin  oxide,  litharge) 


I  air    added 

Softened   lead 

I 
200    Ton 

DESILVERIZING        KETTLE 

(Zinc   added) 


Slag 

I 
Discharge 


Barren    gas 


-STACK 


REFINERY 


' 


Desilverized   lead 

I 
(80  Ton 

DEBISMUTHIZING     KETTLE 


Zinc    crust  (skimmed) 

I 
RETORT 


Fume 
I 

r—KILN—. 

Zinc  oxide  Lead  fume 

♦ 
ZINC   SMELTER 


zinc  recovered 


REFINED  LEAD 


'—Bismuth   dross 


Dore    bullion 

I 
CUPELLING    FURNACE 


Dare 

I 
SILVER     REFINERY 

\  \ 

SILVER  GOLD 


•  Litharge 


FiGXJRE  5.     Flowsheet,   Selby  lead  smelter,  American   Smelting  and  Refining  Company.  Adapted  from  Davis,  1951,  p.  595. 
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Table  2.     Smelter  payments.' 


Payment  for: 

American  Smelting.  Refining  and                           U.  S.  Smelting,  Refining  and 
Mining  Co.                                                              Mining  Co. 
Selby,  California                                                       Midvale,  Utah 

International  Smelting  and 
Refining  Co. 
Tooele,  Utah 

Lead          -^ 

No  payment  if  lead  below  3%.  Deduct  IH  units  from  wet  assay;  pay  for  90%  of  remainder  at  market**  orice  less: 

2.00  cents  per  pound 

2.3  cents  per  pound 

2.273a  cents  per  pound 

Gold 

Pay  for  91.14%  of  all  over  0.03  oz.  per 
ton  at  net  Mint  price 

0.02-  0.5  oz.            $31.8183  per  oz. 
5.0  -10.0  oz.            S32.3183  per  oz. 
over  10.0  oz.            S32.8183  per  oz. 

Pay  for  91%  of  all  over  0.02  oz.  per  ton  at 

net  Mint  price 

Minimum  deduction  1  oz.  per  dry  ton 

Minimum  deductions  of  J^  oz.  per  dry  ton 
No  payment  if  less  than  1  oz.  per  ton 

Deduct  1.3  units  from  wet  assay.  Pay  for 
rest  at  market  price  less  8  cents  per 
pound.  No  payment  if  less  than  1.3%. 

Pay  for  90%  of  wet  assay.  (Minimum  de- 
duction 15  pounds)  at  market  price  less 
8.5  cents  per  pound 

Deduct  lo  pounds  per  ton.  Pay  for  rest  at 

market  price  less  7 .6235  cents  per  pound 

If  over  10%  pay  for  75%  at  22%  of  East" 

St.  Louis  price  for  Prime  Western  quality 

♦  Information  summarized  from  open  smelter  schedules. 
•♦  Market  price  is  quotation  as  of  delivery  date  or  average  of  prices  for  a  period  as  specified  in  contract  or  schedule. 


smelting  company  and  individual  producers.  A  shipper 
who  can  make  large  regular  shipments  or  provide  an  ore 
with  especially  desirable  constituents  may  receive  terms 
that  could  involve  lower  treatment  charges  or  premium 
payments  for  some  of  the  constituents  of  the  ore. 

The  many  factors  shown  in  open  schedules  can  be 
grouped  into  three  principal  headings:  (1)  treatment 
charges,   (2)  penalties,  and   (3)  payments. 

The  basic  treatment  charge  covers  the  costs  of  smelt- 
ing and  must  include  (1)  the  actual  costs  of  labor,  fuel 
and  supplies;  (2)  funds  to  cover  interest,  obsolescence 
and  depreciation  on  plant  and  equipment,  and  insur- 
ance; (3)  costs  of  supervision,  management,  office  and 
selling;  and  (4)  profit  (Tyler,  1945,  p.  259). 

Penalties  are  charged  for  constituents  of  the  ore  that 
require  special  consideration  in  formulating  a  furnace 
charge  or  for  impurities  that  enter  into  the  base  bullion 
and  require  extra  treatment  processes  for  their  removal. 

The  reactions  in  the  blast  furnace  effect  the  reduction 
of  lead  compounds  to  metallic  lead  and  the  formation  of 
matte  and  slag  of  such  composition  and  physical  char- 
acteristics that  a  clean  separation  of  all  can  be  made. 
Bowman  (1945,  p.  160)  states  that,  "The  specific  grav- 
ity of  liquid  (molten)  lead  is  about  10.5,  that  of  matte 
ordinarily  ranges  from  4.5  to  5.  In  order  to  ensure  a 
satisfactory  separation  of  matte  and  slag,  the  specific 
gravity  of  the  latter  should  be  at  least  1.0  lower  than 
the  lightest  matte."  Also,  the  slag  should  be  fusible  at 
1100  to  1200°  C,  should  have  a  specific  gravity  no  higher 
than  3.6,  and  should  be  of  a  satisfactorj^  chemical  com- 
position. 

Slag  is  a  complex  silicate,  and  its  melting  point  and 
specific  gravity  are  determined  by  the  silica :  lime :  iron 
ratio.  Most  ores  are  not  self -fluxing,  that  is  they  do  not 
contain  all  the  materials  necessary  to  allow  the  clean 
separation  of  metal,  slag  and  matte  as  outlined  above.  In- 
gredients must  be  added  to  the  furnace  charge  to  main- 
tain a  proper  metallurgical  balance.  A  highly  siliceous 
ore  requires  additions  of  iron  and  lime,  and  an  ore  that 
is  too  calcareous  or  ferruginous  must  have  silica  added. 
Manganese  sometimes  is  considered  the  equivalent  of 


iron  as  a  flux  for  silica,  and  magnesia,  zinc  oxide  or 
barium  oxide  may  be  substituted  for  lime  (Bowman, 
1945,  p.  162).  Fluxes  add  to  the  cost  of  the  charge,  so 
penalties  are  levied  for  constituents  of  the  ore  that  re- 
quire fluxing.  If  a  smelter  is  processing  a  siliceous  ore 
that  requires  iron  or  lime  for  fluxing,  silica  is  penalized 
and  payments  are  made  for  iron  and  lime.  The  addition 
of  fluxes  also  decreases  the  proportion  of  the  ore  in  the 
charge,  thus  increasing  the  cost  per  unit  of  valuable 
metal  recovered.  In  current  lead  smelting  practice,  the 
ore  usually  constitutes  80  percent  or  more  of  the  charge 
(Bowman,  1945,  p.  162). 

The  effects  of  some  of  the  common  constituents  and 
impurities  for  which  penalties  are  exacted  as  shown  in 
table  3. 

Payments  are  not  made  for  the  full  amount  of  metals 
that  assays  indicate  are  present  in  the  ore,  nor  are  they 
made  at  the  full  market  price  for  the  metals.  Deductions 
from  the  gross  lead  content  are  calculated  to  compensate 
for  losses  in  treatment,  and  payment  is  made  for  the 
remainder. 

Smelting  efficiency  is  high.  Bowman  (1945,  p.  164) 
states  that  blast-furnace  smelting  should  yield  95  to  98 
percent  of  the  lead  in  the  charge;  Bishop  and  Mentch 
(1956,  p.  430)  state  that  primary  lead  smelters  generally 
recover  97  to  98  percent  of  the  lead  in  the  charge. 

As  shown  in  table  2  a  lead-smelting  company  will  pay 
for  silver,  gold,  copper,  iron,  and  in  some  instances,^ 
zinc,  in  addition  to  the  lead  that  is  contained  in  the 
ore.  The  payment  for  iron  is  at  a  fixed  rate  and  for  gold 
is  determined  by  the  Mint  price;  payment  for  all  other 
metals  is  calculated  on  the  basis  of  a  market  price  quoted 
on  a  given  date  or  that  represents  a  weekly  average. 
Methods  for  determining  the  applicable  market  prices 
are  not  uniform,  and  are  as  follows:  (1)  lead — average 
price  for  calendar  week  including  or  preceding  the  date 
of  delivery  of  ore  to  the  smelter;  (2)  silver — the  Mint 
price,  or  the  Handy  and  Harman  New  York  price  as  of 
the  date  of  delivery,  or  the  average  price  for  the  calen- 
dar week  including  or  following  the  date  of  delivery; 
(3)   copper — average  price  for  the  calendar  week  pre- 
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LEAD    DEPOSITS    IN    INYO   COUNTY 

I-  Cerro  Gordo  Mine  ond  district 

2.  Dorwin  Mines    ond   district 

3.  Defense   Mine  ,  Modoc   district 

4.  Lippincott    Mine 
5  Sonto  Roso  Mine 

6-  Sttostione  Mines  ,  Tecopo   district 

7.  Ubetiebe    Mines 

X  Ottier   mines   ond  prospects 


KlUL'KE  G.     Lead  deposits  in  Inyo  County.  Adapted  from  Norman  and  Stewart,  1951,  pi.  1 


ceding  or  including  the  date  of  delivery;  (4)  zinc — • 
average  price  for  week  ending  Wednesday  preceding 
date  of  delivery.  Prices  quoted  in  the  Metal  and  Min- 
eral Markets  (a  weekly  publication)  are  accepted  as 
standard. 

The  smelter  of  the  American  Smelting  and  Refining 
Company  at  Selby  in  Contra  Costa  County  is  the  only 
primary  lead  smelter  in  California.  The  published  capac- 


ity of  the  plant  is  192,000  tons  of  charge  per  year;  the 
lead  refinery,  operated  in  connection  with  the  smelter, 
has  an  annual  capacity  of  72,000  tons  of  refined  lead 
(American  Bureau  of  Metal  Statistics,  1956,  p.  46). 
Actual  production  annually  of  refined  lead  is  lower, 
however,  and  currently  averages  about  60,000  tons,  about 
one-half  of  which  is  .shipped  to  consumers  in  California, 
Oregon,  and  Washington  (Playter,  G.  H.,  1956,  personal 


Taile  3.     Effects  of  impurities  on  smelting  process. 


Silica _   _.                    . 

Requires  additional  iron  or  lime  to  make  a  desirable  slag. 

Arsenic,  antimony  and  tin  (0  to  1%  free) 

Sometimes  grouped  together;  combined  content  subject  to  penalty.  Effects  discussed  individually  below. 

Arsenic 

affinity  for  gold  and  must  be  separately  treated  to  recover  gold.  Some  arsenic  as  well  as  antimony  and  tin  also  contained  in 
base  bullion.  (See  next  item.) 

Zinc  (6  to  77c  free) 

loss  of  other  metals,  especially  silver,  and  fouls  the  furnace  walls. 

Bismuth . 

Not  removed  in  ordinary  refining  processes  and  may  be  carried  into  refined  lead.  Hardens  lead  and  discolors  white  lead 

pigments.  "Corroding  lead",  containing  less  than  0.05  percent  bismuth,  must  be  used  for  pigment  manufacture.  Excessive 
bismuth  may  be  a  cause  for  non-acceptance  of  an  ore  for  smelting. 

Sulfur  (27c  free) 

Forms  excessive  matte.  Sulfur  content  must  be  decreased  by  roasting  or  sintering  before  ore  is  charged  into  blast  furnace* 

this  treatment  increases  smelting  cost. 

Ore  must  be  converted  to  dry  basis  for  weight  calculations,  so  weight  of  moisture  is  deducted.  Normally  a  deduction  of  one 
percent  is  made,  whether  ore  is  dry  or  not,  to  cover  dusting  losses.  If  moisture  is  more  than  10  percent,  the  ore  might  hang 
up  in  bins  or  otherwise  add  to  handling  costs. 

10—37833 
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ORE G  0  N 


MAJOR 

LEAD  AND  ZINC  MINES 
AND  MINERALIZED  DISTRICTS 

IN  CALIFORNIA 


Numbered  Deposits 


Butte  County 

I    Big  Bend 
Calaveras  County 

2   Collier  (Blood) 

3.  Penn 

4.  Ouail  Hill 

Inyo  County 

5  Cerro   Gordo 

6.  Copper  Queen 

7.  Dorwin   GfOup 

6.  Estelle  and  Morning  Star 

9  Shoshone  Group 

0.  Zinc  Hill  (Colorodoond  Utocolo) 
Los  Angeles  County 
Block   Jock  (Sorito  Cotolmo) 


Mariposa  County 

12.  Blue   Moon 
Orange  County 

13.  Blue  Lighl  (Silverado) 
San  Bernardino  County 

14.  Corbonate  King  Zinc 

15.  Mohowk 
Stiosta  County 

16.  Afterthought 

17.  Bully  Hill 

18.  Iron  Mountain  {Hornef-Richmond) 

19.  Mommoth 

20.  Rising  Stor 
SisKiyou  County 

21.  Blue  Ledge 


Legend 
Leod-iinc -silwer  replocement  bodies 
in  corbonote  rocks. 
Zmc-copper-lead  complex  sulphide 
veins  ond  replocement  bodies  generally 
in  lenses  olong  sheor  zones  in  breccio- 
ted  volcanics  or  meta-wolconics,  olso" 
in  corbonote  rocks  in  lr>yo  ond  San 
Bernardino  counties. 
Minerolized  districts 


Figure  7. 
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communication).  The  smelter  subsists  largely  on  ore 
imported  from  sources  in  South  America — Peru,  Bolivia, 
and  Chile  in  that  order — and  from  Australia. 

All  of  the  concentrates  and  shipping-grade  lead  ore 
produced  in  California  by  the  Anaconda  Copper  Mining 
Comiianj^  are  shipped  to  the  Tooele,  Utah,  smelter  of  the 
International  Smelting  and  Refining  Company,  a  wholly 
controlled  subsidiary  of  the  Anaconda  Company.  Other 
producers  choose  between  the  smelter  at  Selby,  Califor- 
nia and  other  smelters  in  the  western  states.  Freight 
rates  bear  importantlj''  on  such  a  choice. 

Freight  rates  for  ores  of  most  metals,  lead  included, 
are  dependent  not  only  on  the  points  of  origin  and  des- 
tination, but  also  upon  the  value  of  the  ore  and  the 
amount  shipped.  The  higher  the  value  of  the  ore,  the 
greater  is  the  rate  per  ton.  Also,  the  rate  is  greater  for 
shipping  20  tons  than  for  shipping  50  tons.  In  preparing 
a  waybill,  the  initial  document  covering  a  shipment,  the 
ore  is  presumed  to  be  worth  $100  per  ton  and  charges 
made  accordingly.  When  a  settlement  is  made  at  the 
smelter,  the  lead  content  of  the  ore  is  certified  to  the 
railway,  and  the  value  of  the  ore  is  determined  using  an 
arbitrary  value  for  lead  of  7  cents  per  pound.  The  cor- 
rect freight  charge  per  ton  of  ore  is  determined  and  the 
amount  charged  on  the  initial  waybill  revised  upward 
or  downward.  Examples  of  freight  charges  that  were 
effective  early  in  1957  for  lead  ore  are  shown  below 
(Southern  Pacific  Company,  personal  communication). 

For  shipping  ore  from  Lone  Pine  or  Olancha,  Cali- 
fornia : 

Dollar  Cost 

Minimum  value  per  ton, 

To                                        treight  per  ton  dollars 

Tooele,  Utah 50  tons               60  12.53 

Tooele,  Utah 50  tons               20  9.53 

Selbv,  California 50  tons               60  9.96 

Selby,  California 20  tons               60  11.35 

Freight  charges  are  subject  to  published  and  nego- 
tiated changes. 

Efforts  to  treat  lead  ore  in  portable  smelters  or  small 
smelters  at  ore  near  the  mines  in  California  have  not  been 
successful.  Liddell  (1945,  p.  580)  states,  concerning  the 
general  aspects  of  the  problem,  "Thirty  to  forty  years 
ago  it  was  customary  to  consider  the  equipping  of  small 
base-metal  mines  with  small  smelters  to  make  them  in- 
dependent of  the  so-called  'Smelter  Trust,'  and  to  save 
long  hauls  on  ores.  That  plan  proved  infeasible,  and 
the  day  of  small  smelting  plants  built  in  narrow  out-of- 
the-way  canyons  has  probably  passed.  To  make  a  profit- 
able smelting  enterprise,  a  large  tonnage  of  ore  must  be 
available,  together  with  the  necessary  flux  which  requires 
either  a  very  large  mine  or  a  district  producing  a  di- 
versity of  ores  til  at  will  provide  a  suitable  smelting 
mixture. ' ' 

Marketing  Refined  Lead.  The  marketing  of  lead  ores 
and  concentrates  discussed  in  the  preceding  section,  is 
the  first  of  two  separate  but  interrelated  types  of  mar- 
keting operations  that  exist  in  the  lead  industry  The  sale 
of  refined  lead  and  alloys  of  lead  is  the  second  type.  The 
principal  sellers  of  refined  lead  in  the  United  States  are 
the  American  Smelting  and  Refining  Company  and  the 
St.  Joseph  Lead  Company.  These  two  companies  market 
50  to  75  percent  of  all  refined  primary  lead,  the  propor- 


tions being  modified  by  the  quantities  of  lead  being  im- 
ported (Bishop  and  Mentch,  1956,  p.  427). 

A  simplified  classification  of  refined  primary  lead  has 
been  adopted  by  the  American  Society  for  Testing  Ma- 
terials, and  only  four  grades  of  pig  lead  are  generally 
marketed  domestically  in  contrast  to  seven  grades  recog- 
nized prior  to  1955.  These  four  grades  may  be  described 
briefly  as  follows  (American  Society  for  Testing  Ma- 
terial's, 1956,  pp.  71-74;  Bishop  and  Mentch,  1956,  p. 
427): 

Corroding  lead — a  premium-grade,  high-purity  lead  made  hy  re- 
refining  desilverized  or  chemical  lead. 

Chemical  lead — a  premium-grade,  undesilverizcd  lead  produced 
from  .southeastern  Missouri  ores.  The.se  ores  contain  too  little 
silver  for  profitable  desilverization. 

Acid-copper  lead — a  premium-grade  lead  made  by  adding  copper 
to  fully  refined,  desilverized  lead. 

Common  desilverized  lead — fully  refined,  desilverized  lead  made 
from  argentiferous  lead  ore. 

Most  of  the  lead  marketed  domestically  is  sold  at  a 
price  based  upon  the  published  quotations  for  lead  in 
either  the  New  York  or  St.  Louis  markets.  American 
Smelting  and  Refining  Company  prices  are  based  upon 
the  New  York  quotations,  and  the  St.  Joseph  Lead  Com- 
pany prices  are  quoted  on  the  St.  Louis  market  (U.S. 
Bur.  Mines.  1951,  eh.  6,  p.  31).  The  New  York  prices 
are  about  0.2  cents  per  pound  higher  than  those  at  St. 
Louis,  this  difference  approximating  the  freight  charges 
between  the  two  points.  The  annual  average  New  York 
prices  for  lead  are  plotted  on  figure  1. 

The  prices  for  alloys  of  lead  and  for  other  lead-con- 
taining materials  bear  a  fixed  relationship  to  the  price 
of  pig  lead. 

Government  Programs.  The  government  has  regu- 
lated the  lead  industry  during  emergencies,  such  as 
World  War  II,  in  an  effort  to  provide  adequate  supplies 
of  lead  for  all  essential  uses.  The  regulations  placed  in 
effect  consisted  of  controls  over  prices,  imports  and 
exports,  priorities  and  allocations,  and  inventories.  In 
addition,  various  programs  were  undertaken  to  stimu- 
late production  of  lead  from  domestic  sources. 

One  of  these  programs,  the  Premium  Price  Plan 
(Olund  and  Gustavson,  1950,  210  pp.)  involved  the 
payment  of  a  premium  price  for  lead  (as  well  as  for 
copper  and  zinc)  produced  in  excess  of  a  quota  based 
upon  1941  output.  A  quota  for  a  mine  or  group  of  mines 
and  the  amount  of  premium  to  be  paid  were  determined 
according  to  involved  and  complex  regulations.  During 
the  life  of  this  plan  (February  1942  to  June  1947)  45 
percent  of  all  domestically  mined  lead  brought  premium 
prices.  The  weighted  average  price  for  lead  paid  during 
this  period  was  8.84  cents  per  pound ;  this  included  an 
average  premium  of  2.61  cents  per  pound  (Bishop  and 
Mentch,  1956,  p.  25). 

Other  government  activities  during  World  War  II 
included  stockpiling  by  the  Metals  Reserve  Company 
and  exploration-development  programs  by  the  U.  S. 
Geological  Survey  and  U.  S.  Bureau  of  Mines. 

The  Defense  Act  of  1950,  inspired  by  the  critical 
developments  of  the  war  in  Korea,  established  several 
organizations  to  assist  the  mineral  industry.  One  of 
these,  the  Defense  Minerals  Exploration  Agency,  will 
make  loans  amounting  to  50  percent  of  the  cost  of  ap- 
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proved  projects  that  are  intended  to  explore  deposits 
of  lead  ore. 

Since  the  termination  of  the  Korean  war,  the  policies 
for  determining  stockpile  objectives  have  been  re-exam- 
ined in  the  recognition  of  a  greater  need  for  supply 
protection  during  wartime.  In  1954,  a  long-term  stock- 
pile program  for  metals  and  minerals  was  announced 
bj'  the  President.  This  program  sets  long-term  objectives 
to  be  met  in  part  by  the  purchase  of  metals  and  minerals 
to  assist  ill  maintaining  the  domestic  production  com- 
ponent of  the  nation's  mobilization  base.  Long-term 
objectives  for  lead  were  included,  and  purchases  of  newly 
mined  lead  from  domestic  sources  were  started  in  June 
1954. 
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LIMESTONE,  DOLOMITE,  AND  LIME  PRODUCTS 

By  Oliver  E.  Bowkn,  Jr. 


California's  extensive  deposits  of  limestone,  sea  shells, 
magnesian  limestone  and  dolomite  have  all  played  im- 
portant parts  in  the  rapid  industrial  development  of  the 
state.  They  are  basic  resources  upon  which  such  essential 
enterprises  as  the  portland  cement,  lime,  calcium  chemi- 
cal, sugar  refining  and  magnesia  refractories  industries 
are  directly  dependent.  The  portland  cement  industry 
alone  consumed  more  than  9,000,000  tons  of  limestone 
and  sea  shells  in  1955,  producing  finished  prodiicts  worth 
more  than  $103,300,000  at  the  mill.  A  surprisingly  large 
number  of  other  industries  are  directly  or  indirectly  de- 
pendent upon  carbonate  raw  materials.  Consumption  of 
carbonate  materials  is  constantly  increasing. 

COMPOSITION  AND  PROPERTIES  OF  LIMESTONE,  DOLO- 
MITE, AND  OTHER  LIME-BEARING  MATERIALS 

Limestone,  magnesian  limestone,  dolomite,  magnesite 
and  sea  shells  are  the  chief  natural  sources  of  calcium 
and  magnesium  carbonates  in  California.  Inasmuch  as 
California  magnesite  has  a  different  origin,  geologic  oc- 
currence and  usage  than  other  calcium  and  magnesium 
carbonate  rocks,  it  is  not  included  in  this  summary  and 
is  discussed  separately  in  the  bulletin. 

As  calcium  and  magnesium  are  easily  interchanged  in 
the  atomic  structure  of  carbonate  minerals,  there  are 
numerous  transitions  between  the  minerals  calcite 
(CaCOs),  dolomite  (CaCOs-MgCO.O  and  magnesite 
(MgCO.i).  Sea  shells  are  secreted  wholly,  or  in  a  few 
cases  partly,  as  the  mineral  aragonite  (CaCOs)  by  the 
living  organisms  and  with  time  generally  recrystallize 
entirely  to  calcite  (also  CaCOs).  Sea  shells  of  most 
marine  animals  contain  only  small  proportions  of  mag- 
nesium, although  the  shells  of  some  species  contain  up 
to  12  percent  magnesium  oxide  (Chave,  1954,  pp.  261- 
273;  1952.  pp.  190-192;  Clark  and  Wheeler,  1917).  When 
present  the  magnesium  generally  occurs  replacing  cal- 
cium atoms  in  the  normal  calcite  structure  and  is  not 
present  as  the  mineral  dolomite. 

Rocks  composed  predominantly  of  the  mineral  calcite 
are  called  limestone ;  those  in  which  the  mineral  dolomite 
predominates  are  called  rock  dolomite  or  simply  dolo- 
mite. Pure  limestone,  which  is  rare,  contains  100  percent 
CaCOs.  Rocks  composed  of  mixtures  of  calcite  and  dolo- 
mite or  rocks  composed  of  carbonate  minerals  transi- 
tional between  calcite  and  dolomite  are  called  magnesian 
limestones.  In  general,  limestones,  dolomites  and  mag- 
nesian limestones  cannot  be  used  interchangeably  and 
economic  utility  of  these  rocks  must  be  judged  by  their 
chemical  and,  for  some  uses,  physical  characteristics. 
Most  commercial  limestone  contains  more  than  95  percent 
CaCOa  and  less  than  5  percent  MgO,  although  rock  of 
lower  CaCOa  content  is  sometimes  used — particularly  for 
Portland  cement.  Limestone  containing  more  than  95  per- 
cent CaCOs  is  commonly  referred  to  as  high-calcium 
limestone.  Magnesian  limestone  is  commonly  designated 
as  rock  having  from  5  to  15  percent  MgO  and  rock  dolo- 
mite from  15  to  21  percent.  Dolomite  rocks  containing 
more  than  21  percent  MgO  would  normally  contain  some 
magnesite ;  such  rocks  are  rare  in  California. 


Marl  is  a  clayey  and  therefore  aluminous  and  siliceous 
variety  of  carbonate  rock  that  most  connnonly  is  earthy 
or  friable.  Some  marl  is  a  caliche  type  of  material  formed 
by  evaporation  of  carbonate-laden  groundAvater  in  soil. 
Marl  also  forms  as  a  clayey  marine  or  freshwater  de- 
posit. The  most  common  carbonate  constituent  is  calcium 
carbonate,  but  magnesian  marls  are  known  to  exist. 

All  of  the  rocks  composed  predominantly  of  carbonate 
minerals  are  convertible  into  metallic  oxides  and  carbon 
dioxide  gas  (CO2)  if  heated  beyond  the  critical  tempera- 
ture of  dissociation  for  the  constituent  minerals.  The 
dissociation  temperature  range  for  calcite  or  pure  lime- 
stone is  725°  C.  to  1000°  C. ;  other  carbonate  minerals 
decompose  at  temperatures  ranging  from  545°  C.  to 
1500°  C.  Lime  (CaO  or  quicklime)  is  the  solid  dissocia- 
tion product  derived  by  calcining  (burning)  limestone; 
magnesian  lime  (a  mixture  of  CaO  and  MgO)  is  derived 
from  magnesian  limestone  or  dolomite ;  and  magnesia 
(MgO)  is  derived  from  magnesite.  The  metallic  oxides 
combine  readily  with  water  with  evolution  of  heat  to 
produce  hydrated  lime  (Ca(0H)2)  and  magnesia 
(Mg( 011)2)  or  mixtures  of  these  hydrates. 

Although  metallic  magnesium  has  been  produced  in 
California  for  short  wartime  periods  the  present  eco- 
nomic importance  of  the  carbonate  rocks  lies  in  either 
the  metallic  oxide  or  carbon  dioxide  content,  neither  of 
which  have  a  metallic  aspect.  Consequently,  the  common 
carbonate  rocks  are  generally  classified  as  non-metallic 
minerals. 
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Figure  1.  Graph  showing  amount  and  value  of  limestone  and 
dolomite  produced  in  California  between  1894  and  1955.  The  sraph 
is  not  a  precise  index  of  amount  and  value  over  this  period  because 
there  have  been  several  changes  in  the  manner  of  reporting  lime- 
stone and  dolomite  statistics  over  the  years.  For  e.xample,  the  fig- 
ures on  dolomite  were  tabulated  separately  between  1915  and  1946. 
these  additional  figures  being  available  on  page  70  of  Division  of 
Mines  Bulletin  139,  Mineral  Production  in  California  in  19.i6, 
Also,  limestone  and  dolomite  utilized  simply  as  crushed  or  broken 
stone  have  been  included  in  the  summary  some  years  and  not 
others.  In  recent  years,  dolomite  production  statistics  have  not  been 
listed  separately  in  order  to  keep  confidential  the  business  of  the 
small  number  of  California  producers.  The  limestone  utilized  in 
lime  manufacture  is  not  included  in  the  graph. 
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Figure  2.  Graph  showinj;  amount  and  value  of  lime  produced 
in  California  1894-1955.  Included  in  the  graph  are  magnesian  lime 
and  calcined  dolomite,  which  cannot  be  listed  separately  because  of 
the  small  number  of  producers.  The  amount  of  limestone  and  dolo- 
mite consumed  in  the  manufacture  of  lime  products  can  be  calcu- 
lated roughly  by  taking  the  lime  tonnage  as  56  percent  of  the  total 
limestone  used  (approximately  44  percent  of  the  limestone  is  driven 
off  as  carbon  dioxide).  The  yield  of  lime  from  magnesian  limestone 
and  dolomite  is  slightly  smaller  than  from  high-calcium  limestone. 

ORIGIN  AND   MODE  OF  ACCUMULATION  OF 
LIME-BEARING     MATERIALS 

Many  aquatic  organisms,  both  plant  and  animal, 
secrete  calcium  carbonate  for  protective  and  supporting 
parts.  As  many  of  these  organisms  are  colonial  or  at 
least  gregarious  in  habit,  their  limy  remains  may 
accumulate  and  be  preserved  in  large  concentrations. 
Micro-organisms  may  also  contribute  indirectly  to  the 
chemical  precipitation  of  carbonate  minerals  by  upset- 
ting the  chemical  equilibrium  of  the  aqueous  system,  by 
catalytic  activity  and  so  on.  Changes  of  temperature 
and  changes  in  mineral  concentration  and  composition 
of  ocean  and  lake  waters  may  also  result  in  precipita- 
tion of  carbonate  minerals  without  the  aid  of  organisms. 
The  relative  importance  of  purely  chemical  precipi- 
tation as  compared  with  the  action  or  influence  of 
organisms  in  producing  limestone  has  not  been  well 
established,  but  organisms  appear  to  play  the  predom- 
inating role  in  limestone  formation,  and  mechanical  con- 
centration of  pre-existing  carbonate  detritus  as  well  as 
inorganic  chemical  precipitation  play  lesser  roles. 
Nevertheless,  some  California  limestone  formations  con- 
sist predominantly  of  debris  eroded  from  pre-existing 
carbonate  rocks,  and  many  great  thicknesses  of  recrys- 
tallized  carbonate  rocks  may  well  have  lost  their  original 
detrital  character  during  metamorphism.  Consequently, 
the  detrital  mode  of  accumulation  has  been  significant 
in  California. 

A  few  deposits  of  limestone,  which  are  of  sufficient  size 
and  purity  to  be  of  economic  importance,  have  formed 
by  a  combination  of  evaporation  and  chemical  inter- 
action between  carbonate-laden  spring  water  and  air. 
Such  material,  which  is  known  as  travertine  limestone, 
grows  by  accretion  around  multiple  spring  vents  and 
occasionally  builds  deposits  aggregating  tens  of  millions 
of  tons.  Algae,  bacteria  and  other  organisms  may  aid  the 
process. 

Some  sea-floor  carbonate  deposits  also  grow  by  accre- 
tion of  tiny,  interbonded  mineral  crj'stals,  but  the  bulk 


of  most  marine-  and  lacustrine-laid  limestones  are  be- 
lieved to  originate  as  soft,  unconsolidated  oozes  which 
are  compacted  and  finally  lithified  long  after  burial 
under  succeeding  strata.  Consolidation  and  lithifieation 
of  soft  oozes  generally  involves  widespread  re-solution, 
cementation,  dehydration  and  crystallization,  the  ulti- 
mate rock  having  few  voids  and  consisting  principally 
of  interlocking  crystals.  Microscopic  examination  ol" 
some  limestones  shows  that  some  material  forms  by 
dehydration  of  colloidal  carbonate  gels  without  cry.stal-j 
lization  in  early  stages  of  lithifieation.  However,  col-] 
loidal  material  probably  does  not  form  the  major  parts 
of  most  limestone  deposits. 

Limestones  also  accumulate  by  direct  growth  of  reef-' 
building  organisms  such  as  corals  or  the  lime-secreting 
algae  Lithothamnion.  Reef  limestones  differ  from  accu- 
mulations of  sea  shells  in  that  most  of  the  shell  deposits 
have  been  transported  to  some  extent  by  water,  whereas . 
the  bulk  of  reef  limestone  generally  is  secreted  in  place, 
by  colonial  organisms.  ? 

The  spectacular  calcareous  tufa  deposits  seen  along' 
the  present  and  ancient  shore  lines  of  dessicating  saline 
lakes  in  California  and  Nevada  most  commonly  form  by 
action  of  lime-secreting  algae.  Many  algal  tufa  deposits 
grow  in  much  the  same  fashion  as  coral  reefs,  but  the 
resulting  deposit  is  relatively  structureless  as  compared 
to  the  normally  well  preserved  colonial  corals.  Calcare-: 
ous  tufa  deposits  are  generally  too  small  to  be  of  eco-' 
nomic  importance,  although  a  few  travertine  deposits: 
are  large  enough.  • 

Calcareous  deposits  of  considerable  size  also  form  inj 
desert  climates  as  the  result  of  evaporation  of  carbonate-- 
laden    groundwater.    These    calcareous    evaporites    or; 
caliches,  as  they  are  commonly  called,  may  form  at  or 
close  to  the  surface  or  they  may  form  deeper  in  the 
pervious    mantle    above    locally-developed    impervious 
layers.  Caliche  was  the  principal  raw  material  used  at 
the  early-day  Jamul  Ranch  cement  plant  in  San  Diego 
County  and  is  used  to  some  extent  today  at  several  of 
the  desert  cement  plants. 

Dolomite  may  originate  as  a  chemical  or  biochemicalU 
precipitate  in  much  the  same  ways  as  those  discussed 
for  limestone,  but  such  dolomite  masses  are  generally 
small.  More  commonly  dolomite  is  derived  by  chemical 
replacement  of  limestone.  Such  replacements  may  take 
place  upon  the  sea  floor  during  accumulation  of  the  sedi- 
ment, or  much  later — in  many  cases  long  after  consolida- 
tion, lithifieation  and  elevation  of  the  sediment  abi>\i' 
sea  level  have  taken  place.  Dolomitization,  the  process  ot 
forming  dolomite  by  chemical  replacement,  is  a  phenom- 
enon that  commonly  accompanies  hydrothermal  altera- 
tion and  ore-mineral  deposition.  There  is  considerable 
evidence  that  dolomitization  is  associated  with  the  in- 
trusion of  granitic  rocks,  particularly  where  there  has 
been  large-scale  invasion  of  granitic  rock.  However,  the 
most  important  environment  in  dolomitization  is  be- 
lieved to  be  ocean-floor  replacement  brought  about  by 
small  changes  in  the  physico-chemical  environment  over 
long  periods  of  sedimentation. 

OCCURRENCES  OF   LIMESTONE  AND   DOLOMITE 
IN  CALIFORNIA 

Most  of  the  limestone  and  dolomite  deposits  in  Cali- 
fornia occur  in  metamorphosed  marine  sedimentary  rocks 
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FiGUBE  4.  Southwestern  Portland  Cement  Company's  Black 
Mountain  limestone  deposit  in  the  Sidewinder  Mountains  14  miles 
east  of  Victorville,  San  Bernardino  County.  The  entire  mountain 
above  the  blasting  strip  is  limestone  conglomerate  of  Permian  age. 
Since  the  photograph  was  taken,  about  1952,  almost  all  of  the  tri- 
angular hill  in  the  middle  ground  has  been  quarried  for  use  in 
cement.  Total  reserves  of  limestone  in  this  deposit,  above  local  base 
level,  amount  to  more  than  300  million  tons.  Photo  courtesy  South- 
western Portland  Cement   Company. 

that  have  been  strongly  deformed.  Most  commonly  they 
are  found  in  rocks  of  Paleozoic  age,  but  there  are  some 
commercial  deposits  in  rocks  of  Mesozoic  age  and  a  few 
are  found  in  pre-Cambrian  suites  of  rocks.  There  are 
deposits  of  Tertiary  algal  limestone  of  good  grade  in 
the  Sierra  Blanca  formation  of  Santa  Barbara  and  Ven- 
tura Counties  and  Miocene  shell  limestone  is  extensively 
quarried  at  Lime  Mountain  in  San  Luis  Obispo  County 
for  use  in  sugar  refining.  Travertine  (warm-spring) 
limestone  of  Recent  age  has  been  utilized  in  the  San 
Francisco  Bay  area  and  Quaternary  accumulations  of 
sea  shells  have  been  exploited  at  San  Francisco,  Newport 
and  San  Diego  Bays.  Marl  has  been  quarried  in  a  small 
way  from  pits  in  the  Minkler  district  of  Fresno  County 
but  deposits  are  not  very  extensive  and  demand  has  been 
small.  Chalk,  or  earthy  foraminiferal  limestone  is  not 
found  in  California. 

The  principal  areas  where  carbonate  rocks  are  abun- 
dant and  reasonably  near  to  markets  and  to  transporta- 
tion facilities  are:  (1)  the  Klamath  Mountains  of 
Shasta  and  Siskiyou  Counties;  (2)  the  foothill  belt  of 
the  Sierra  Nevada  from  Placer  to  Tulare  County;  (3) 
the  Santa  Cruz,  Gabilan,  and  Santa  Lucia  Mountains  of 
the  central  Coast  Ranges;  (4)  the  Tehachapi  Mountains 
within  the  Mojave-Monolith-Frazier  Mountain  triangle; 
(5)  the  Victorville-Oro  Grande- Adelanto  region  of  the 
southwestern  Mojave  Desert;  (6)  the  north  slope  of  the 
San  Bernardino  Mountains  adjacent  to  Lucerne  Valley; 
and  ( 7 )  the  northern  part  of  the  San  Jacinto  Mountains, 
including  the  Palm  Springs-Lake  Hemet  and  Beaumont- 
San  Jacinto  areas. 

Four  formations  yield  commercial  limestone  in  Shasta 
and  Siskiyou  Counties:  the  Hosselkus  limestone  (Trias- 
sic),  the  Kennett  limestone  (Devonian),  the  McCloud 
limestone  (Permian)  and  the  Silurian  limestone  near 
Gazelle,  Siskiyou.  County.  The  first  three  formations  ex- 
tend south  into  northern  Plumas  County  but  are  not 
recognized  elsewhere  in  the  Sierra  Nevada.  Commercial 
limestones  from  these  formations  range  from  light  dove- 
gray  to  black  and  generally  are  dense,  fine-grained, 
weakly  metamorphosed  rocks.  Of  the  four  formations  the 
MeCloud   limestone  probably   contains  the   largest   re- 


serves, but  in  the  most  accessible  parts  exposed  south  of 
Shasta  Dam  Lake  both  magnesia  and  silica  tend  to  be 
sporadically  distributed  in  the  limestone.  The  Hosselkus 
formation  contains  the  most  uniform  commercial-grade 
rock  of  any  of  the  four  formations  sampled  by  the  Divi- 
sion of  Mines.  Dolomite  is  known  to  occur  in  the  Mo- 
Cloud  limestone,  but  commercial  deposits  have  not  been 
developed  thus  far.  I;imestone  has  been  quarried  at  Cla 
zelle,  Siskiyou  County,  and  Ingot,  Shasta  County. 

In  the  foothill  belt  of  the  central  Sierra  Nevada  com- 
mercial limestone  and  dolomite  deposits  are  found  in  a 
discontinuous  series  of  simple  lenticular  masses  envel- 
oped in  other  metamorphic  rocks  or  in  granitic  rock; 
they  also  occur  in  masses  having  complicated  outlines 
because  of  intense  folding.  A  few  of  the  limestone  bodies 
have  yielded  fossils  ranging  from  Permian  to  Mississip- 
pian  age,  but  fossil  evidence  is  very  sparsely  distributed. 
Carbonate  rocks  of  Mesozoic  age  have  not  been  recog- 
nized in  the  central  foothill  belt.  The  principal  districts 
producing  commercial  limestone  are :  Cool-Cave  Valley, 
El  Dorado  County;  San  Andreas,  Calaveras  County; 
and  the  Sonora-Columbia  area,  Tuolumne  County;  and 
Diamond  Springs,  El  Dorado  County. 

The  crystalline  limestones  of  the  central  part  of  foot- 
hill belt  are  associated  with  metamorphosed  sedimentary 
and  volcanic  rocks  of  the  Calaveras  group,  principally 
slate,  mica  schist  and  greenstone.  The  largest  masses  of 
limestone  are  found  east  of  the  Mother  Lode,  but  these 
commonly  are  medium  to  coarsely  crystalline.  A  succes- 
sion of  relatively  small  lenses  (none  more  than  a  quarter 
of  a  mile  long  or  more  than  300  feet  thick),  of  dense, 
fine-grained,  blue-gray  or  dove-colored  limestone  is 
found  in  a  narrow  belt  in  the  extreme  western  foothill 
area  from  Placer  County  south  to  western  Calaveras 
County.  These  limestone  lenses  have  been  much  less 
intensely  metamorphosed  than  those  east  of  the  Mother 
Lode  and  limestone  taken  from  them  holds  its  lump  form 
much  better  during  calcination.  The  chemical  composi- 
tion of  the  rocks  also  is  more  uniform  than  in  most  of 
the  more  easterly  deposits.  Consequently,  limestone  from 
this  belt  is  commonly  superior  to  rock  from  other  central 
Sierran  deposits  for  some  uses. 

Limestones  of  the  Sierran  foothills  most  commonly  are 
blue-gray,  and  white.  Dolomite  generally  is  white  or  off- 
white  and  almost  invariably  occurs  as  irregular  replace- 
ments in  limestone.  Many  of  the  limestone  masses  are  too 
magnesian  to  be  useful  for  purposes  other  than  manu- 
facture of  magnesian  lime,  although  there  are  a  few 
nearly  pure  calcitic  and  dolomitic  masses  scattered 
throughout  the  foothill  area  from  which  commercial  rock 
is  obtained  without  selective  mining.  The  Sonora-Colum- 
bia district  contains  the  largest  continuous  masses  of 
carbonate  rock  in  the  Sierra  Nevada,  some  covering 
dozens  of  square  miles.  In  this  district,  however,  the 
presence  of  numerous  patches  of  replacement  dolomite 
of  very  irregular  shape  makes  selection  of  quarry  sites 
difficult. 

Granitic  intrusions  and  complex  fold  structures  comp- 
licate mining  and  quarrying  of  carbonate  rocks  in  many 
parts  of  the  Sierra  Nevada.  South  of  Fresno  County 
faulting  along  the  western  border  of  the  mountains  has 
raised  the  granitic  core  and  resulted  in  stripping  of  the 
carbonate-bearing  pendants  by  erosion  to  a.  far  greater 
extent  than  in  the  central  and  northern  Sierra  Nevada. 


Limestone,  Dolomite,  and  Lime  Products — Bowen 


297 


Consequently,  limestone  and  dolomite  deposits  are  much 
more  sparsely  and  haphazardly  distributed  in  the  south- 
ern Sierra  IS^evada  than  elsewhere  along  the  Si?rran 
foothills. 

Carbonate-rock  deposits  of  notable  size  and  favorable 
geographic  position  in  the  western  Sierra  Nevada  are  con- 
centiated  in  the  Worth  district,  east  of  Porterville ;  in 
the  Three  Rivers  district  northeast  of  Visalia;  in  the 
Briceburg  district  of  Mariposa  County;  the  Sonora- 
Columbia  district  of  Tuolumne  County ;  the  Copperopolis 
and  Vallecitos  districts  of  Calaveras  County;  and  the 
foothill  gold  belt  from  Jackson  to  Auburn  in  Amador,  El 
Dorado  and  Placer  Counties. 

In  the  central  Coast  Ranges  large  roof-pendants  of 
crystalline  limestone  and  dolomite  are  found  in  ancient, 
probably  Paleozoic  complexes  in  the  Santa  Cruz,  Gabilau 
and  Santa  Lucia  Mountains  and  in  the  Sierra  de  Salinas. 
Carbonate  rocks  of  these  complexes  commonly  are  coarse- 
grained, and  Avhite  and  blue-gray  colors  predominate. 
Both  high-grade  limestone  and  high-grade  dolomite  oc- 
cure  in  deposits  large  enough  for  major  exploitation 
(masses  aggregating  tens  to  hundreds  of  millions  of  tons) . 
deposits  of  the  northern  Gabilan  Range  and  southern 
Santa  Cruz  Range  supplying  much  of  the  current  demand 
in  the  San  Francisco  Bay  area.  Nearly  all  of  the  dolomite 
currently  used  in  northern  California  is  quarried  from 
deposits  in  the  northern  Gabilan  Range.  Dense,  fine- 
grained limestones  found  in  the  Franciscan  group  of  sedi- 
ments of  Jura-Cretaceous  age  also  supply  notable  tonnages 
to  San  Francisco  Bay  industries,  particularly  to  the  ce- 
ment plant  at  Permanente,  Santa  Clara  County.  Quater- 
nary 03'ster  shells  dredged  from  San  Francisco  Bay  supply 
one  cement  plant  at  Redwood  City,  San  Mateo  County. 

Tertiary  uiimetamorphosed  limestones  of  considerable 
present  economic  importance  and  even  greater  future 
significance  as  the  population  increases,  are  sparsely  dis- 
tributed in  the  southern  Coast  Ranges  of  San  Luis  Obispo, 
Santa  Barbara  and  Ventura  Counties.  Beds  of  shell  lime- 
stone of  the  lower  Miocene  Vaqueros  formation  are 
quarried  at  Lime  Mountain  west  of  San  jMiguel  for  use 
in  sugar  refineries  of  Salinas  Valley.  Deposits  of  algal 
limestone  in  the  Eocene  Sierra  Blanca  formation  can  sup- 
ply good  quality,  dense  limestone  to  industries  in  Santa 
Barbara  and  Ventura  Counties  should  the  demand  arise. 

Broad  expanses  of  carbonate  rocks  lie  in  the  Tehachapi 
Mountains  in  the  triangular  area  bounded  by  Frazier 
Mountain,  Mojave  and  Monolith.  Occurring  as  pendants 
encased  in  granitic  rock,  the  carbonate  rocks  may  be 
found  alone  or  interbedded  with  mica  schist  and  quartzite 
in  the  Bean  Canyon  series  of  late  Paleozoic  or  early 
Mesozoic  age.  Granularity  commonly  is  coarse  and  colors 
range  from  white  to  shades  of  gray.  Masses  of  dense,  fine- 
grained rock  are  rare  in  this  area.  Dolomite  and  magne- 
sian  limestones  are  present  in  the  exposures  on  Neenach 
quadrangle  east  of  Lebec,  but  elsewhere  the  magnesium 
content  tends  to  be  low.  Silica  or  silicate  minerals  have 
been  introduced  locally  into  some  deposits  by  contact 
metamorphism  and  for  some  uses  such  limestone  must  be 
selectivelj-  mined.  Deposits  in  the  Tehachapi  Mountains 
support  two  industrial  plants,  one  at  Monolith  and  one 
at  Mojave. 

In  the  Victorville-Oro  Grande  district  of  southwestern 
San  Bernardino  County,  limestone,  dolomite,  and  dolo- 
mitic  limestone  are  all  fouvd  in  commercial  quantities. 


These  may  occur  singly  or  together  in  a  given  deposit  and 
in  places  are  interbedded  with  other  metasediments  such 
as  mica  schist,  quartzite,  and  hornfels.  The  carbonate 
rocks  come  in  the  Upper  Paleozoic  Oro  Grande  series  and 
also  in  the  conglomerate  member  of  the  Permian  Fair- 
view  Valley  formation  (Bowen,  1954,  p.  36).  A  majority 
of  the  carbonate  masses  of  the  district  consist  of  strongly 
metamorphosed,  coarsely  crystalline  rock,  but  there  are  a 
few  bodies  of  weakly  metamorphosed,  dense,  fine-grained 
rock  of  notable  size  at  Sparkhule  Hill  and  Black  Moun- 
tain. Limestone  ranges  from  pure  white  to  nearly  black, 
but  white  and  gray  or  variegated  combinations  of  the  two 
colors  are  commonest.  The  Victorville-Oro  Grande  district 
ranks  among  the  largest  limestone  producers  in  the  state 
but  only  a  little  dolomite  and  dolomitic  limestone  has  been 
marketed  thus  far  from  the  district  because  of  small  de- 
mand. 

There  are  immense  reserves  of  limestone  and  magnesian 
limestone  in  the  northern  part  of  the  San  Bernardino 
Mountains  of  San  Bernardino  County.  These  rocks  are 
elements  of  the  Furnace  limestone  which  is  at  least  partly 
equivalent  in  age  and  lithology  to  the  Oro  Grande  series 
of  the  nearby  Victorville-Oro  Grande  district.  In  general 
these  rocks  are  strongly  metamorphosed  and  coarsely  crys- 
talline, but  there  are  some  patches  of  finer-grained,  dense, 
more  weakly  metamorphosed  rock.  White  and  blue-gray 
hues  prevail  and  select  white  rock  is  in  demand  for  white 
filler  and  roofing  granules.  White  rock  has  been  quarried 
intermittently  in  the  Cushenbury  district  for  many  years, 
and  during  1956  a  cement  plant  was  being  constructed 
near  the  mouth  of  Cushenbury  Canyon. 

Roof  pendants  of  Triassic  or  Paleozoic  age  supply 
crystalline  limestone  to  cement  plants  and  other  consum- 
ers in  the  Los  Angeles  area.  Slover  Mountain  near  Colton 
has  svipplied  enormous  tonnages  of  limestone  continuously 
since  1895.  The  pendants  are  embedded  in  large  masses 
of  granitic  rock  and  most  of  the  limestone  is  coarsely 
crystalline.  White,  glassy  and  blue-gray  colors  prevail. 
Deposits  in  and  adjacent  to  the  Jurupa  Mountains  supply 
two  cement  plants,  and  chemical-grade,  agricultural  and 
other  grades  of  limestone  are  also  produced  in  quantity. 
Several  large,  hitherto  undeveloped  deposits  exist  in  the 
northern  San  Jacinto  Mountains  between  the  Beaumont- 
San  Jacinto  axis  and  Hemet,  but  opposition  by  resort 
interests  and  subdividers  together  with  the  remoteness  of 
some  of  the  deposits  from  markets  has  hindered  their 
development. 

The  rapid  population  growth  in  the  San  Diego  area 
has  increased  the  demand  for  limestone  products  in  San 
Diego  and  western  Imperial  Counties.  The  larger  de- 
posits occur  in  the  Jacuniba  vicinity  of  southeastern  San 
Diego  County,  whence  they  extend  down  into  Mexico, 
and  in  the  Dos  Cabezas  district  and  Coyote  Mountains 
of  southwestern  Imperial  County.  The  Jacumba  and  Dos 
Cabezas  occurrences  consist  of  coarsely  crystalline  lime- 
stone and  magnesian  limestone  of  undetermined,  possibly 
Triassic,  age  in  small  pendants  in  granitic  rocks.  In  the 
Coyote  Mountains  there  are  large  masses  of  limestone, 
magnesian  limestone  and  dolomite  in  an  old  crystalline 
complex  of  Paleozoic  or  early  Mesozoic  age.  Overlap- 
ping this  crystalline  complex  are  smaller  shell-limestone 
masses  of  Miocene  age  interbedded,  interfolded  and 
mingled  with  Tertiary  volcanic  rocks  and  continental 
sediments.  Presence  of  considerable  magnesium  in  the 
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FIOURK  5.  ProcessinK  plant  at  Kaiser  Ahimiiiuni  and  C'licmieal  ("ompaii.v's  Xatividad,  MontiTcy  ('(lunty,  iipt'i'atioii.  Crystalline  dolomite 
of  probable  Paleozoic  age  is  calcined  to  magnesia  or  ground  and  sized  for  roofing  granules.  Photo  by  Vnl  Pictures,  courtesy  Kaiser  Aluminum 
and  Chemical  Corporation. 


carbonate  rocks  of  the  crystalline  complex  is  to  be  ex- 
pected in  many  places,  and  overburden  of  Tertiary  rocks 
as  well  as  the  structural  complexity  of  the  Coyote  Moun- 
tains have  to  be  considered  in  developing  the  Coyote 
Mountain  deposits.  A  small  tonnage  of  dolomite  has  been 
quarried  in  the  northwestern  part  of  the  Coyote  Moun- 
tains in  the  past  and  the  pure-white  crystalline  lime- 
stones of  the  Jaeumba  area  are  being  actively  exploited 


for  a  number  of  chemical,  agricultural  and  construction 
uses. 

Immense  reserves  of  carbonate  rocks  suitable  for  com- 
mercial use  occur  in  the  desert  mountains  of  Riverside, 
San  Bernardino  and  Inyo  Counties.  These  have  re- 
mained largely  undeveloped  because  of  their  remoteness 
from  marketing  centers.  However,  a  few  of  these  are 
put  into  operation  each  year  and  intermittent  produc- 
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tion  in  past  years  has  been  substantial.  A  very  large, 
uniform  deposit  of  limestone  was  developed  during  1955 
as  a  source  of  carbon  dioxide  and  lime.  It  occurs  in 
marine  sediments  of  Carboniferous  age  in  the  Argus 
Range  north  of  Searles  Lake.  Paleozoic  limestones  and 
marbles  are  quarried  from  time  to  time  in  the  Keeler 
district  of  Inyo  County  and  in  the  Ivanpah,  Chubbuck 
and  Marble  Mountains  districts  of  eastern  San  Bernar- 
dino County. 

Marl  deposits  have  been  worked  intermittently  in  Cali- 
fornia at  widely  scattered  points.  None  of  them  are 
known  to  be  extensive  and  the  calcium  carbonate  con- 
tent varies  widely  within  the  deposits  and  from  deposit 
to  deposit.  Most  of  them  are  of  evaporite,  or  caliche  type, 
but  some  of  the  materials  that  have  been  marketed  as 
marl  in  California  are  actually  shell-bearing  sedimentary 
rocks,  either  shales  or  sandstones.  Still  others  are  soils 
and  weathered  sedimentary  rocks  impregnated  with  hot- 
spring-derived  carbonate  material.  Shell-bearing  shales 
or  loosely  consolidated  sandstones  have  been  quarried 
for  cement  near  Napa,  Napa  County,  near  Edenvale, 
Santa  Clara  County,  for  agricultural  purposes,  and  near 
Benicia,  Solano  County,  for  cement.  Mixtures  of  weath- 
ered sediments  and  hot-spring  travertine  have  been 
utilized  for  cement  at  Cement,  Solano  County,  and 
Cowell,  Contra  Costa  County.  Caliche-type  marls  are 
found  principally  in  the  Minkler  district  east  of  Fresno 
County,  in  the  Mojave  desert  near  Oro  Grande  and  to  a 
minor  extent  in  the  Lakeview  and  Jamul  districts  of  San 
Diego  County  and  the  Madrone  district  of  Santa 
Clara  County.  Marly  lakebeds  of  Pleistocene  age  in  the 
desert  near  Helendale,  San  Bernardino  County,  were 
quarried  intermittently  during  the  1920 's  as  a  source  of 
agricultural  minerals. 

FIELD  CHARACTERISTICS  WHICH    INFLUENCE  THE 
ECONOMIC  WORTH   OF  CARBONATE    DEPOSITS 

Quite  commonly  limestone  and  dolomite  rocks  are 
found  interbedded  in  the  same  formation,  in  some  cases 
in  massive  layers  that  can  be  mined  separatel.y,  but  in 
others  in  intimately  interbedded  or  otherwise  intermixed 
masses  that  cannot  be  selectively  mined.  Mill  separation 
techniques  for  such  mixed  materials  have  been  success- 
fully developed  for  certain  mixed  deposits  in  some  east- 
ern states  but  have  not  proved  to  be  economically 
feasible  in  California  thus  far.  Mining  of  many  deposits 
of  crj'stalline  limestone  is  further  complicated  by  intru- 
sions of  igneous  rock  which  disrupt  the  continuity  of  the 
deposit  and  in  many  cases  add  undesirable  minerals 
such  as  quartz,  amphiboles,  garnets,  pyroxenes  and 
epidote,  to  the  limestone. 

Chert  (silica  in  the  form  of  chalcedonic  quartz  or  a 
mixture  of  opal  and  chalcedonj')  is  a  troublesome  rock 
commonly  associated  with  Coast  Range  limestones,  par- 
ticularly in  rocks  of  the  Jura-Cretaceous  Franciscan 
group  (Calera  limestone),  and  the  limestones  of  the  Mio- 
cene Monterey  formation.  Chert  is  also  common  in  the 
Permian  McCloud  limestone  of  Siskiyou  and  Shasta 
Counties  and  in  many  limestone  formations  of  the  Mo- 
jave Desert  and  Basin  Ranges.  Generally  light  gray  to 
dark  brown  in  color,  it  is  easily  identified  by  its  dense, 
horn-like  texture  and  its  resistance  to  weathering.  Chert 
nodules  and  beds  commonly  stand  out  sharply  from  the 
limestone  matrix  on  weathered  outcrops. 


Figure  6.  Dolomite  quarry  at  Westvaco  Chemical  Division  of 
Food  Maoliiuery  Corporation's  Hollister,  San  lienito  County,  oper- 
ation. Pure  white,  crystalline  dolomite  of  probable  Paleozoic  age  is 
quarried  by  electric  shovels  from  hill  benches.  The  rock  has  been 
so  crushed  because  of  proximity  to  the  San  Andreas  fault  that  very 
little  blasting  is  required.  Photo  hy  C.  W.  Chesterman. 

Replacement  masses  of  dolomite  commonly  cut  across 
crystalline  limestone  bodies  in  the  foothill  limestone 
belt  of  the  Sierra  Nevada,  in  the  McCloud  limestone  of 
Shasta  County,  in  the  Gabilan  Range  of  Monterey  and 
San  Benito  Counties  and  in  a  number  of  the  desert  lime- 
stone deposits  of  southeastern  California.  Replacement 
dolomite  is  commonly  denser  and  finer-grained  than  the 
host  rocks  and,  as  dolomite  is  less  soluble  in  rain  water 
and  groundwater  than  limestone,  presents  a  character- 
istic weathered  surface  that  differs  considerably  from 
the  surrounding  limestone.  The  weathered  dolomite  sur- 
face commonly  resembles  an  elephant 's  skin,  the  shallow 


Figure  7.  Quarry  faces  at  Westvaco  Chemical's  Hollister  dolo- 
mite quarry.  Except  for  local  disc<doration  liy  iron-bearing  ground- 
water the  rock  is  uniform,  snow-white  material.  Photo  hy  C.  W. 
Chesterman. 
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solution  pits  being  arranged  in  a  reticulated  pattern  that 
gives  a  gnarled  or  wrinkled  appearance.  The  extensive, 
deep  solution-pits  generally  characteristic  of  limestones 
in  areas  of  high  or  moderate  precipitation  commonly  are 
absent  in  masses  of  replacement  dolomite  except  where 
inclusions  of  limestone  had  been  caught  in  the  dolomite. 
In  many  terranes  of  crystalline  metamorphic  rocks 
the  carbonate  units  have  been  so  intimately  folded  with 
rocks  of  non-carbonate  nature,  such  as  slate,  schist  and 
quartzite  that  beds  that  originally  would  have  been  of 
economic  value  are  now  too  thoroughly  intermixed  to 
be  profitable  to  mine. 

MINING  AND  PROCESSING   METHODS 

Most  California  companys  have  been  able  to  take 
advantage  of  limestone  and  dolomite  deposits  situated  on 
hill  topography  where  they  can  be  quarried  from  level 
benches  driven  into  the  hillsides.  In  a  few  places  how- 
ever, it  has  been  necessary  to  utilize  pits  sunk  well  below 
local  base  level  with  resultant  higher  quarrying  costs. 
There  are  three  large-scale  underground  mines  in  Cali- 
fornia from  which  limestone  and  dolomite  are  obtained, 
and  one  large  glory-hole  operation  where  the  haulage- 
ways  and  part  of  the  rock-storage  facilities  are  under- 
ground. The  underground  mines  are  at  Shingle  Springs, 
El  Dorado  County;  Sonora,  Tuolumne  County;  and 
Crestmore,  Kiverside  County;  the  glory-hole  operation 
is  at  Davenport,  Santa  Cruz  Coiuity.  In  past  years  lime- 
stone Avas  mined  near  Cool,  El  Dorado  County  in  an 
immense  glory-hole,  and  limestone  has  been  mined  near 
Pelton,  Santa  Cruz  County  by  room-and-pillar  methods. 

With  few  exceptions,  California  limestone  and  dolo- 
mite deposits  are  so  firm  and  tenacious  that  blasting  is 
required  in  order  to  break  down  the  rock  into  fragments 
of  suitable  size  for  handling  and  processing.  Two  notable 
exceptions  are  the  Skyline  limestone  deposit  near  Crys- 
tal Springs  Lakes  in  San  Mateo  County  and  the  Hollister 
dolomite  deposit  near  Hollister,  San  Benito  County.  In 
both  of  these  deposits  the  rock  has  been  crushed  by  fault- 
ing in  or  near  the  San  Andreas  fault  zone  so  that  little 
or  no  blasting  is  required  to  break  the  rock. 

Quarrying.  In  common  bench-quarrying  practice  20-, 
30-,  and  50-foot  and  even  wider  bench  spacings  (vertical 
distance  between  floor  levels  or  height  of  the  working 
face)  may  be  adopted  depending  upon  the  topography, 
the  distribution  of  various  grades  of  rock  in  the  deposit, 
and  other  considerations.  A  line  of  holes  is  commonly 
drilled,  at  a  suitable  distance  back  from  the  working 
face,  from  the  top  of  the  face  down  to  the  approximate 
level  of  the  quarry  floor.  For  many  years  churn  and 
wagon  drills  were  standard  drilling  equipment  and  are 
still  widely  used.  However,  the  faster,  more  economical 
rotary  drills  have  greatly  increased  drilling  efficiency  in 
recent  years  and  are  rapidly  supplanting  gravity  and 
percussion-type  drills. 

In  many  California  operations,  particularly  those 
close  to  population  centers  or  to  transportation  lines,  it 
is  desirable  to  blast  as  infrequently  as  possible.  In  such 
cases  coyote-hole  blasting  has  become  common  practice. 
By  this  method  crosscut  and  lateral  tunnels  are  driven 
into  and  behind  the  working  face.  These  are  then  loaded 
with  explosives  and  a  very  large  quantity  or  rock  is 


broken  in  a  single  blast.  It  is  not  uncommon  to  break 
a  million  tons  or  more  of  rock  at  a  time.  The  use  of  large 
drop-balls  has  supplanted  much  of  the  secondary  blasting 
formerly  employed  in  most  quarrying  operations.  Drop 
balls  are  simply  tear-drop-shaped  masses  of  steel  1000  or 
more  pounds  in  weight  attached  by  cable  and  boom  to  an 
electric  winch.  The  ball  is  raised  to  a  suitable  height  and 
dropped  onto  the  pieces  of  broken  rock  that  are  too  large 
for  easy  handling. 

Underground  Mining.  Room-and-pillar,  shrinkage 
stope  and  block  caving  methods  have  all  been  success- 
fully employed  in  California  limestone  mines.  U.  S.  Lime 
Products  Company  at  Sonora,  Tuolumne  County  em- 
ploys a  modified  room-and-pillar  method,  workings  being 
driven  from  a  vertical  shaft.  The  rooms  commonly  are 
50  feet  wide  and  several  hundred  feet  long.  Some  reach 
a  height  of  50  feet.  The  deposit  is  a  nearly  vertical, 
tabular  mass  of  carbonate  rock  about  300  feet  Avide.  It 
has  been  developed  to  a  depth  of  about  300  feet  and  a 
strike  length  of  over  1000  feet. 

At  the  El  Dorado  Limestone  Company  mine  at  Shingle 
Springs,  El  Dorado  County,  the  shrinkage  stoping 
method  is  employed.  Limestone  occurs  in  two  nearly 
vertical,  tabular  to  slightly  lenticular,  subparallel  masses 
ranging  from  a  few  feet  to  nearly  50  feet  apart.  The 
east  mass  averages  about  60  feet  wide  and  the  west,  40 
feet  wide.  Entry  to  the  mine  is  through  a  three-compart- 
ment vertical  shaft  1000  feet  deep,  the  deepest  stopes 
being  on  the  800-foot  level.  Completed  shrinkage  stopes 
600  feet  long,  70  feet  wide  and  300  feet  high  have  been 
developed  in  the  thickest  parts  of  the  main  mass ;  others 
are  smaller.  Main  haulageways  to  the  shaft  are  20  feet 
wide  and  8  feet  high.  Short  crosscuts  perpendicular  to 
the  main  haulageway  connect  with  draw  points  (chutes) 
from  the  stopes. 

The  Crestmore  mine  of  Riverside  Cement  Company 
until  recently  used  the  block-caving  method  of  mining, 
entering  by  a  five-compartment,  350-foot  vertical  shaft. 
The  caved  blocks  were  about  200  feet  high,  200  feet  wide 
and  240  feet  long.  Blocks  were  isolated  by  cut-off 
shrinkage  stopes  at  both  sides  and  ends.  The  haulage 
level  consisted  of  parallel  drifts  driven  on  70-foot  cen- 
ters and  the  mining  level  consisted  of  parallel  drifts 
driven  on  35-foot  centers  (Robotham,  1934,  pp.  1-20; 
Tucker  and  Sampson,  1945,  p.  174 ;  Wightman,  1945,  pp. 
215-224).  Access  and  ore-pass  raises  connected  the  min- 
ing and  haulage  levels.  Two  limestone  masses  have  been 
worked  in  the  underground  mine.  These  are  200  to  300 
feet  thick  and  dip  underground  at  angles  between  30° 
and  45°.  The  two  masses  are  separated  by  several  hun- 
dred feet  of  granitic  rock. 

Early „in  1954,  mining  by  block  caving  ceased,  and 
rock  was  supplied  to  the  cement  plant  from  surface 
quarries  while  the  new  mine  was  developed.  The  new 
mine,  placed  in  operation  in  1956,  will  ultimately  reach 
a  depth  of  1500  feet.  Mining  is  by  the  room-and-pillar 
method,  rooms  being  60  feet  wide,  90  feet  high  and  run- 
ning the  full  width  of  the  limestone  mass.  Rock  is  re- 
moved from  the  mine  via  a  spiral  truck  haulageway  30 
feet  wide  and  20  feet  high  over  a  10  percent  grade  (Per- 
sons, 1955,  pp.  76-77).  Conventional  electric  shovels  are 
employed  for  loading. 
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Figure  8.  Crushing  and  sizing  and  rock  stoi-M^r  insnillation  at 
Westvaco  Chemical's  HoUister  dolomite  quarry.  Photo  by  C.  W. 
Chesterman. 

Transportation.  Rock  is  transported  from  the  quarry 
to  processing  plant  or  to  market  by  truck,  rail,  belt 
conveyor  or  various  combinations  of  these  methods.  Spe- 
ciallj-  designed  rear-  and  side-dump  trucks,  trailers  and 
railroad  cars  are  constantly  being  devised  to  facilitate 
transportation  and  reduce  handling  costs.  Loading  is 
accomplished  by  electric  shovels,  gasoline-powered  skip- 
loaders,  bucket  and  belt-conveyors  and  even  by  simple 
bulldozer-and-ramp  methods.  Where  crushing  is  accom- 
plished at  the  quarry,  storage  bins  and  chute-loading 
facilities,  as  well  as  the  crushing  and  screening  installa- 
tions generally  are  constructed. 

Processing.  Processing  of  most  limestone  and  dolo- 
mite simply  involves  crushing  and  sizing.  Where  certain 
trace  impurities,  such  as  iron  oxide  coatings,  need  to  be 
removed,  a  washing  and  scrubbing  circuit  may  be  added. 
In  small  operations,  particularly  those  that  may  be  tem- 
porary, it  has  become  common  practice  to  make  use  of 
portable  units  consisting  of  a  jaw  crusher  and  screens 
or  a  jaw  crusher,  hammer  mill,  and  screens,  together 
with   recvcling   and   loading   belt-   or   bucket-type    con- 
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Figure  9.  Detail  of  cru-shing  and  screenins  equipment  at  West- 
vaco Chemicars  HoUister  dolomite  quarry.  Photo  by  C.  W. 
Chesterman.  - 


veyors.  Several  firms  make  portable  units  of  this  sort 
mounted  on  wheels. 

Where  the  end-product  is  to  be  finely  divided,  more 
elaborate  equipment  is  necessary.  Various  combinations 
of  ball  mills,  rod  mills,  tube  mills,  roll  crushers,  cone 
crushers  and  numerous  other  devices  are  employed  for 
secondary  and  fine  grinding  (Perry,  J.  H.,  et  al.,  1950 
pp.  1120-1146 ;  Pit  and  Quarry  Handbook  and  Directory, 
1955;  pp.  AA3-AA98;  Taggart,  A.  F.,  1945,  sections 
4,  5  and  6).  Sizing  may  be  accomplished  by  various  com- 
binations of  rotating  screens,  vibrating  screens,  hot  dry 
screening  installations,  wet  screening  and  wet  classifica- 
tion devices,  air  separators  and  the  like  (Perry,  J.  H., 
et  al.,  1950,  pp.  922-964;  Pit  and  Quarry  Handbook, 
1955,  pp.  AA9-AA160;  Taggart,  A.  F.,  1945,  sections 
8  and  9). 

Manufacture  of  Lime,  Magnesia,  Magnesian  Lime  and 
Carbon  Dioxide.  Calcining  (burning)  carbonate  rocks 
at  temperatures  ranging  from  545°  C.  to  1500°  C,  de- 
pending upon  the  minerals  involved  and  the  desired 
purity  of  the  end-product,  coverts  them  to  a  metallic- 
oxide  (or  oxides)  and  carbon  dioxide  gas.  Carbonate 
rocks  are  important  sources  of  metallic  oxides  and  car- 
bon dioxide  in  California,  although  in  some  operations 
one  or  more  of  the  end  products  goes  to  waste.  Under 
most  conditions  the  temperature  at  which  carbon  dioxide 
begins  to  be  dissociated  (driven  off)  from  limestone  is 
about  725°  C,  but  there  is  some  variation  because  of 
impurities  and  because  of  physical  characteristics  such 
as  particle  size  and  internal  structure  of  the  particles. 
For  example,  the  temperatures  of  dissociation  of  dolo- 
mite have  been  found  to  be  considerably  lowered  by 
prolonged  grinding  (Bradley,  F.  W.,  et  al.,  1953,  pp. 
207-217). 

For  most  carbonate  minerals  there  is  some  tempera- 
ture range  at  which  carbon  dioxide  gas  is  given  off  in 
greatest  volume  or  there  may  be  2  or  3  peaks  of  dissocia- 
tion as  in  ankerite  or  dolomite.  For  calcitic  limestones 
the  major  evolution  of  gas  is  between  900°  C.  and 
1000°  C.  A  kiln  temperature  of  about  1200°  C.  is  main- 
tained in  burning  most  high-calcium  limestones,  as  well 
as  in  burning  magnesian  limestones  having  a  moderate 
magnesium  content,  to  insure  complete  dissociation.  The 
'lime  required  to  convert  limestone  to  lime  at  such  a  tem- 
perature depends  upon  the  particle  size  of  the  rock  being 
calcined  and  upon  the  type  of  kiln  being  used.  In  the  old 
single-charge  kilns  using  wood  or  charcoal  fuel  the  burn- 
ing time  was  as  much  as  4  days,  and  the  resulting  prod- 
uct commonly  contained  unburned  residue.  Modern  kilns 
liave  reduced  the  burning  time  to  a  few  hours,  operating 
with  more  even  calcination  and  leaving  very  little  uncal- 
cined  residue. 

Pure  magnesite  is  largely  converted  to  magnesia 
(MgO)  and  carbon  dioxide  at  temperatures  between 
545°  C.  and  835°  C,  the  maximum  dissociation  effect 
being  at  about  700°  C.  However,  a  small  amount  of  CO2 
may  remain  under  considerably  higher  temperatures, 
and  both  magnesite  and  dolomite  (of  which  half  the  com- 
position can  be  expressed  as  magnesium  carbonate)  com- 
monly are  burned  at  kiln  temperatures  as  high  as 
1500°  C.  The  dissociation  range  for  pure  dolomite  has 
been  determined  experimentallv  as  825°  C.  to  945°  C. 
with  maximum  effects  at  810°  C.  ±  15°  and  940°  C.  ± 
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Figure  10.  Limestone  quarry  west  of  Gazelle,  Siskiyou  County. 
Crystalline  limestone  of  Silurian  age  is  intermittently  quarried  for 
agricultural  and  chemical  use,  chiefly  for  the  Oregon  marliet. 

25°  (Haul  and  Haystek,  1952,  pp.  166-179).  End-prod- 
ucts of  calcination  of  both  magnesite  and  dolomite  vary, 
in  density  and  other  physical  characteristics,  with  the 
intensity  and  speed  of  calcination  employed.  Conse- 
quently, the  kiln  practice  changes  in  processing  of  mag- 
nesite  and  dolomite  whereas  calcination  of  limestone  is 
a  less  complicated,  more  nearly  fixed  procedure.  Inas- 
much as  the  dissociation  reaction  is  reversible,  that  is 
the  liberated  gas  can  re-combine  with  the  metallic  oxides, 
particularly  under  increased  pressure,  the  processing 
plant  must  be  so  designed  as  to  draw  off  the  carbon 
dioxide  gas  as  soon  as  it  is  liberated. 

Two  general  types  of  kilns  are  commonly  used  in 
California,  the  vertical  or  shaft  type  and  the  rotary. 
Stone  to  be  calcined  in  the  vertical  type  of  kiln  the 
type  commonly  found  in  sugar  refineries,  must  hold  its 
lump  shape  during  calcination  to  allow  circulation  ot 
the  hot  gases  in  the  kiln.  Most  crystalline  carbonate 
rocks  particularly  the  medium  and  coarsely  crystalline 
varieties  cannot  be  used  in  this  type  of  kiln.  No  such 
requirement  applies  where  rotary  kilns  are  employed, 
but  the  fuel  consumption  is  greater.  Limestones  and 
magnesian  limestones  that  yield  as  little  stony  residue  as 
possible  after  calcination  are  the  most  desirable  for  burn- 
ing to  lime,  but  rock  containing  nodules  or  small  masses 
of  silica,  or  silicate  aggregates,  that  can  be  readily 
screened  out  of  the  calcined  material,  has  been  utilized 
when  available  at  lower  cost. 

Because  of  its  affinity  for  water  and  for  carbon  diox- 
ide and  because  heat  is  given  off  during  hydration  and 
car'bonatization,  the  kiln-discharge  products  (quick- 
limes) are  hard  to  handle.  In  California,  the  market 
for  quicklime  is  small  and  most  lime  is  sold  in  hydrated 
form  (chiefly  calcium  hydroxide  or  calcium  and  magne- 
sium hydroxides) .  Hydrated  limes  are  much  more  stable 
under  atmospheric  conditions  than  quicklimes  and  do 
not  require  special  processing  and  handling  equipment. 
Quicklime  is  commonly  hydrated,  after  crushing  to  minus 
1-inch  size  and  screening  out  impurities,  in  shallow, 
closed  pans  by  introduction  of  water.  Water  is  added, 
the  pan  is  rotated  and  the  bottom  is  continuously  scraped 
until  evolution  of  steam  ceases  and  the  contents  become 
light  and  dry.  Ordinarily,  about  18  pounds  of  water 
must   be  added   to  56   pounds  of  high-calcium  lime  to 


make  hydrated  lime  of  the  proper  consistency  (Bowles, 
1952,  p.  38).  Overslaking  leaves  the  lime  wet  and  sticky. 
High-calcium  limes  slake  considerably  faster  and  lib- 
erate more  heat  than  limes  containing  considerable  mag- 
nesia. They  also  hydrate  more  completely  than  mag- 
nesian (dolomitic)  limes.  Under  simple  procedures,  dolo- 
mitic  lime  hydrates  to  a  mixture  of  calcium  hydroxide 
and  magnesium  oxide  with  little  or  no  magnesium  hy- 
droxide. Such  material  behaves  erratically  when  used 
in  mortars  and  plasters.  Conversely,  dolomitic  lime  when 
treated  in  an  autoclave  (pressurized  chamber)  under 
considerable  pressure  hydrates  evenly,  has  special  ad- 
vantages of  workability  and  appearance  over  high-cal- 
cium lime  and  is  an  important  building  material.  There 
is  considerable  variation  in  the  design  of  calcining  and 
hydrating  equipment  and  the  processes  are  carried  out 
under  carefully  controlled  conditions.  In  general,  no 
single  type  or  design  of  hydrator  is  suitable  for  making 
all  kinds  of  lime  (Bowles,  1952,  p.  38)  so  that  a  com- 
plete installation  for  production  of  all  the  various  kinds 
of  lime  is  complex  and  expensive. 

MARKETING  OF   LIMESTONE,   DOLOMITE  AND 
LIME   PRODUCTS   IN   CALIFORNIA 

General  Considerations.  Limestone  and  dolomite  are 
both  low-priced  commodities  which  must  be  produced 
reasonably  near  to  centers  of  consumption  or  transporta- 
tion costs  become  prohibitive.  With  but  few  exceptions, 
limestone  and  dolomite  are  produced  within  150  miles 
of  consuming  centers.  The  one  exception  insofar  as  Cali- 
fornia is  concerned  is  U.S.  Lime  Products'  operation  in 
and  near  Henderson,  Nevada  which  supplies  limestone 
and  dolomite  to  southern  California.  This  Nevada  rock 
is  a  non-decrepitating  variety  used  by  sugar  refineries 
and  steel  mills  which  require  material  that  will  retain 
a  lump  shape  during  calcination.  Rock  having  this  char- 
acteristic was  not  being  produced  in  southern  California 
in  1956. 

There  are  also  a  few  scattered,  intermittently  active 
quarries  which  operate  under  special  conditions.   For 


dolomite 
replacement 


Figure  11.  Block  diagram  of  a  typical  California  limestone 
deposit..  The  limestone-bearing  series  consists  of  interbedded  schist, 
quartzite,  and  limestone  which  have  been  folded  Into  a  tight  syn- 
cline  or  trough  pitching  away  from  the  observer.  The  lower  lime- 
stone member  has  been  partly  replaced  by  dolomite  and  the  left 
limb  of  the  structure  invaded  by  a  small  stock  of  granitic  rock 
which  has  sent  out  satellitic  dikes  and  sills  into  the  metamorphosed 
sediments. 
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example,  the  limestone  ((uarry  at  Lime  Mountain,  San 
Luis  Obispo  County,  supplies  sugar  refineries  in  Salinas 
Valley,  and  the  Minkler  district  marl  deposits  near 
Fresno  supply  agricultural  material  to  farmers  in  the 
Fresno  area.  Los  Angeles  and  San  Francisco  are  the 
most  important  marketing  centers  and  most  limestone 
and  dolomite  quarries  are  clustered  around  these  focal 
points.  At  present  almost  all  of  the  limestone  and  dolo- 
mite produced  in  California  is  consumed  here,  although 
some  specially  processed  materials  such  as  whiting  and 
fillers  are  shipped  as  far  as  Canada. 

In  the  case  of  large  limestone-quarrying  operations, 
such  as  those  connected  with  portland  cement  plants, 
the  cost  of  quarrying,  primary  crushing  and  transport- 
ing the  rock  from  deposit  to  processing  plant  is  accom- 
plished as  low  as  25  cents  per  ton.  Cost  of  mining  lime- 
stone in  smaller  quarrying  operations  and  in  under- 
around  mines  may  run  well  over  a  dollar  a  ton.  Large 
installations  utilizing  belt  conveyors  can  transport  rock 
as  low  as  2  cents  per  ton-mile  whereas  short-haul  truck- 
ing can  hardly  be  done  cheaper  than  7  or  8  cents  per 
ton-mile  because  of  the  cost  of  loading  and  unloading. 
Freight  rates  from  the  margin  of  the  150-mile  producing 
rierimeter  around  the  San  Francisco  and  Los  Angeles 
marketing  centers  range  from  about  2  dollars  to  4  dol- 
lars or  slightly  more  per  ton. 

An  individual  contemplating  putting  a  limestone  or 
dolomite  property  into  operation  is  faced  with  several 
alternatives.  He  may  quarry,  process  and  market  the 
rock  himself;  lease  his  property  to  others  on  straight 
lease  or  lease  and  royalty  agreement ;  or  sell  his  property 
outright.  He  may  also  carry  on  any  of  the  three  phases- 
quarrying,  processing  or  marketing  and  delegate  the 
others  to  concerns  better  able  to  carry  them  forward. 
Selling  or  leasing  generally  involves  little  or  no  capital 
outlay  for  the  owner,  whereas  any  phase  of  producing  or 
marketing  a  product  may  entail  a  large  capital  outlay. 
Among  the  smaller  operators  who  have  avoided  large 
capital  expenditures  are  those  employing  portable  crush- 
ing-sizing-loading  units  which  are  either  rented  or  leased 
by  the  operator  or  are  purchased  under  long  term  financ- 
ing. Lime  plants  all  require  considerable  capital  outlay 
and  Portland  cement  plants  cost  12  dollars  or  more  per 
barrel  of  annual  rated  capacity. 

Prices.  Prices  obtained  for  limestone  and  dolomite 
on  the  open  market  vary  broadly  depending  upon  the 
degree  of  processing  necessary,  the  chemical  and  physi- 
cal character  of  the  rock,  the  demand  for  the  particular 


variety  being  offered  and  the  competition  among  pro- 
ducers. In  short,  the  price  structure  is  a  complicated 
one  governed  by  numerous  special  conditions.  Large- 
scale  consumers  are  generally  able  to  negotiate  lower 
prices  with  the  producers  than  small  buyers.  During  the 
period  1950-56,  sellers  of  limestone  having  a  calcium 
carbonate  content  of  96  to  98  percent,  or  better,  have  re- 
ceived about  $3.00  per  ton  upon  the  average  (f.o.b. 
quarry  or  railroad)  for  quarry-run  or  crudely  sized 
rock  (i.e.  sizes  such  as  plus  four-to  minus  six-inch).  The 
lowest  prices  recently  received  for  limestone  and  dolo- 
mite are  slightly  less  than  $1.00  per  ton  for  rock  in- 
tended for  road  base,  concrete  aggregate,  or  asphalt  mix 
where  a  moderate  degree  of  chemical  inertness  and  con- 
siderable strength  are  the  only  requirements.  The  highest 
prices  obtained  for  quarry-run  or  crudely  sized  limestone 
in  recent  years  have  been  paid  by  the  sugar  refineries 
for  exceptionally  pure,  tenacious  varieties  that  are  par- 
ticularly well-suited  to  the  sugar  refining  process,  and 
by  manufacturers  of  white  filler  who  require  rock  of 
exceptionally  uniform  white  color  in  addition  to  rigid 
chemical  specifications.  These  premium  varieties  have 
sold  as  high  as  $5.00  or  more  per  ton  exclusive  of  trans- 
portation costs. 

Limestone  and  dolomite  products  of  exceptional  uni- 
formity is  small  particle  sizes  that  meet  rigid  color, 
absorption  and  reflectance  requirements  sell  at  much 
higher  prices  than  quarry-run  or  crudely  sized  materials. 
For  example,  limestone  of  high  purity  (98  percent 
CaCOs)  and  high  degree  of  whiteness,  air-separated  to 
micron  sizes  or  even  fine-ground  to  minus  325  mesh,  may 
bring  prices  ranging  fro  n  $15.00  to  $25.00  or  more  per 
ton.  Packaging  of  such  material  costs  an  additional 
$3.00  to  $4.00  per  ton  or  even  more. 

Most  of  the  dolomite  produced  in  California  and  a 
major  proportion  of  the  limestone  is  captive  tonnage, 
that  is,  the  qTiarrying,  processing  and  selling  is  done  by 
a  single  operator.  He  does  not  normally  state  the  value 
of  the  crude  rock  in  his  report  to  statistics — gathering 
agencies  and  such  rock  is  never  quoted  as  an  open  mar- 
ket item.  Consequently,  the  foregoing  prices  apply  only 
to  open-market  quotations. 

UTILIZATION    OF  CARBONATE    ROCKS 
IN   CALIFORNIA 

History.  The  use  of  lime-bearing  materials  in  Cali- 
fornia dates  back  to  the  building  of  the  Spanish  missions 
where  whitewash  and  lime  mortars  were  widely  used  in 
small  quantities.  Abalone  shells  obtained  on  the  beaches 


Table  1.     Principal  unes  of  limestone  in  California  in  l!ISi>  in  approximate  order  of  amount  used.* 


Use 

Amount  of  limestone  used 

Value  of  limestone 

Value  of  finished  product 

Portland  cement 

9,000,000  tons 

1,000,000  tons 

500.030  tons 

230,000  tons 

92,945  tons 

63,000  tons 

82,000  tons 

170,000  tons 

Captive  tonnage.   Value  not 
indicated 

$1,200,000 

890,000 
298,310 
423,000 
517.000 
1,163,000 

$103,303,000 
4,000,000 

Aggregate,  railroad  ballast,  road  metal,  riprap  and  allied  crushed  rock 
products 

Sugar  refining     

Steel  fluxt 

Rooting  granules 

.Agricultural  (including  stock  feed  and  fertilizer  filler) ___! 

Miscellaneous  (glass,  fillers,  whiting,  stucco,  acid  neutralization,  explosives, 
oil-well  drilling,  etc.) 

*  All  limestone  consumed  in  California  is  produced  within  the  state  except  for  a  substantial  part  of  the  rock  used  in  sugar  refining  and  as  steel  flux  which  comes  Into  the  state  from  Nevada.  The 

tonnages  are  estimated, 
t  Does  not  Include  production  of  one  NeviwJa  operator  who  markets  in  California.  -        ' 
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Table  2.     Some  of  the  uses  for  dolomite  and  magnesian  limestone.  Table  3.     Some  of  the  many  uses  of  lime. 


Magnesium  Refractories  and  Chemicals 

Dead-burned  dolomite 
Periclase  brick 
Chrome-magnesia  brick 
Magnesium  oxide 
Hydrated  magnesia 
Magnesia  pharmaceuticals 
Magnesium  chemicals 

Construction  Industries 

Aggregate,  railroad  ballast,  road  met  1 
Roofing  granules  and  terrazzo  chip^ 
Magnesian  lime  for  plaster 

Agriculture 

Soil  conditioner 

Animal  and  plant  food 

Ingredient  in  insecticides  and  fungicides 

Miscellaneous  Uses 

Manufacture  of  glass 
Source  of  carbon  dioxide 
Source  of  metallic  magnesium 


was  probably  the  first  material  burned  into  lime.  Later, 
accumulations  of  fossil  shells  were  found  and  finally  the 
crystalline  limestones  were  discovered  and  used  locally. 
Not  until  the  gold  rush  days  of  the  early  1850  *s  did  lime 
became  important  in  the  construction  industry,  but  from 
then  on  hundreds  of  lime  kilns  sprang  up  all  over  Cali- 
fornia. The  rise  in  demand  for  lime  was  directly  related 
to  the  hazardous  fires  which  repeatedly  swept  through 
towns  made  of  frame  buildings.  Field  stone  or  brick 
buildings  laid  up  in  mud  or  lime  mortar  became  the 
standard  type  of  construction  throughout  the  gold  coun- 
try and  many  of  these  remain  in  use  today.  A  great  deal 
of  lime  was  imported  from  Europe  to  supply  the  demand 
during  the  early  part  of  the  gold  rush  period. 

The  lime-burning  business  probably  had  its  heyday 
betAveen  1880  and  1900 — in  relation  to  its  importance  to 
the  current  economy  if  not  in  actual  tonnage  produced. 
Vast  banks  of  lime  kilns  were  constructed  in  the  Santa 
Cruz  Mountains,  Santa  Lucia  Mountains,  Sierran  foot- 
hills, Tehachapi  Mountains,  and  southwestern  San  Ber- 
nardino County.  Many  of  these  lime  companies  were  as 
significant  for  their  day  as  the  portland  cement  com- 
panies now  are — in  relation  to  the  rest  of  the  economy. 

Although  Portland  cement  was  invented  in  England  as 
early  as  1825,  it  was  not  used  to  any  great  extent  in 
California  until  the  late  1850 's  and  1860  ^s.  The  first 
cement  used  here  was  imported  from  Europe.  Even  then 
its  use  did  not  greatly  supplant  lime  mortars  nor  did 
concrete  become  serious  competition  to  masonry  construc- 
tion until  about  the  turn  of  the  century.  Cement  manu- 
facturing in  California  dates  back  to  1860  when  a  hy- 
draulic cement  (a  type  manufactured  at  considerably 
lower  temperature  than  portland  cement)  was  placed  on 
the  San  Francisco  market.  This  was  made  at  Benicia, 
Solano  County,  from  travertine  and  clay.  The  first  ce- 
ment approaching  the  true  portland  type  was  made  at 
Santa  Cruz  about  1877,  from  crystalline  limestone  and 
clay.  Another  early  plant  that  produced  a  portland-type 
cement  was  built  on  the  Jamul  Ranch,  San  Diego 
County,  in  1891,  Since  the  early  1900 's,  cement  plants 
have  been  the  largest  consumers  of  limestone  in  Cali- 
fornia, but  numerous  other  industrial  uses  of  limestone 
are  equally  important  to  the  economy  of  California  even 
though  the  quantity  of  material  they  consume  is  smaller. 


Chemical  Industries 

Source  of  calcium  and  carbon  dioxide  in  the  manufacture  of  other  chemicals: 

Caustics  and  alkalies 

Calcium  carbide,  calcium  bi8ulfit,e,  calcium  cyanamide,  etc, 
Vehicle  in  base  exchange  in  manufacture  of  such  products  as  magnesium  salts 
Neutralizer  of  acids 
Catalytic  agent  in  numerous  processes 

Dehydration  of  such  materials  as  alcohols  and  petroleum  products 
Precipitating  and  coagulating  agent 

Hydrolizing  agent  in  glue,  rubber  and  paper-pulp  manufacturing 
Saponification  of  fats  and  oils  in  manufacture  of  calcium  soaps 

Oxidizing  and  reducing  agent  in  various  processes 
Gas  absorbent 
Solvent,  as  in  tanning  of  liides  and  smelting  of  metals 


Construction  Industries 

An  ingredient  in: 
Lime  mortar 
Plaster 
Stucco 

Paint  pigment 
Sand-lime  and  silica  brico 
Rock  wool 

Filler  in: 

Asphalt-base  roofing 
Asphalt  tile 
Linoleum 

Additive  in  concrete,  increasing: 
Waterproofing  characteristics 
Workability  (plasticity) 

Agriculture 

Plant  food 

Neutralizer  of  acid  soils 
Coagulent  or  flocculant  in  clay  soils 
Ingredient  in  insecticides  and  fungicides 
Filler  in  insecticides  and  fertilizers 
Animal  food 
Animal  sanitation 
Food  preserving 

Mining  and  Metallurgy 

Flux  in  ferrous  or  non-ferrous  metal  reduction 

Flux  in  manufacture  of  ceramic  products 

Scavenger  of  sulfur  and  phosphorus  in  steel  manufacture 

Acid  neutralizer  in  ore  dressing 

Dusting  in  coal  mines  to  reduce  fire  hazard 

Whitening  of  mine  walls 

Miscellaneous  Industries 

Manufacture  of  soap 
Manufacture  of  glue 
Manufacture  of  bleaching  powder 
Manufacture  of  varnish  and  paint 
Manufacture  of  rock  wool 
Manufacture  of  glass 
Manufacture  of  paper 
Manufacture  of  refractories 
Refining  of  sugar 
As  disinfectant 


Dolomite  was  probably  first  used  in  California  as  a 
building  stone.  Dolomite  marble  dimension  stone  was 
first  produced  commercially  in  Inyo  County  about  1888. 
Production  of  dolomite  in  California  was  intermittent 
and  not  large  up  to  1942.  Except  for  durable  material 
used  as  crushed  stone,  the  commonest  use  for  dolomite 
up  to  1942  was  as  a  basic  flux  in  the  manufacture  of 
steel.  In  1942  the  Henry  J.  Kaiser  interests  initiated  the 
use  of  dolomite  in  the  manufacture  of  magnesia  refrac- 
tories. Within  the  following  decade  the  other  California 
producers  of  magnesia  altered  their  processes  in  order 
to  use  dolomite  so  that  these  firms  are  by  far  the  largest 
users  of  dolomite  in  California  at  present  (see  section  on 
magnesium  and  magnesium  compounds  in  this  volume). 
Prior  to  the  advent  of  the  use  of  dolomite  in  the  manu- 
facture of  magnesia  it  had  been  made  by  interaction  of 
lime  with  sea  water.  Interaction  of  calcined  dolomite  with 
sea  water  gives  a  substantially  larger  yield  of  magnesia. 
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Use 


Chemical  requirements 


Physical  requirements 


I-iinestone  for  portland  cement- 


Limestone  for  lime  (high  calcium). 


Magnesian  hmestone  for  lime  (magnesJan) 

Limestone  and  magnesian  limestone  for  stoel 
flux  (blast  furnaces) 

Limestone  for  steel  flux  (open  hearth) 

Dolomite  for  refractories 

Limestone  for  general  chemical  use 

Limestone  for  beet-sugar  manufacturers 

Agricultural  Hmestone 

Agricultural  dolomite 

Limestone  and  dolomite  for  class 


Limestone  for  calcium  carbide  and  calcivun 
cyanimide 


Limestone  for  paint  and  filler-. 


Limestone  and  dolomite  for  concrete  aggre- 
gate, ballast,  road  metal,  road  base 

Quicklime  for  pulp  and  paper  manufacturers 
Lime  for  soft  rubber  goods 


Lime  for  lubricants  (greases)  _ 

Lime  for  textile  dyeing 

Varnish 


Magnesium  oxide  (MgO)  not  more  than  3%.  preferably  not  more  than  2%. 
Total  alkalies  not  more  than  0.5%.  Minimum  calcium  carbonate  (CaCOj) 
content  varies  from  plant  to  plant  depending  upon  availability  of  other  raw 
materials. 

Calcium  carbonate  (CaCOa)  content  not  less  than  97%,  preferably  98%  or 


Magnesium  oxide  (MgO)  content  should  fall  between  the  limits  of  10  and 
15%.  preferable  11-12%. 

Silica  (Si02)  less  than  5%.  .^himina  (AhOs)  less  than  2%.  Magnesia  (MgO) 
less  than  4%  to  less  than  15%  at  various  plants.  Phosphorus  pentoxide 
(PiOs)  not  more  than  a  trace,  i.e.,  .005  to  .006. 

Calcium  carbonate  content  preferably  more  than  98%,  lower  grades  occasion- 
ally accepted.  Phosphorus  must  not  exceed  trace  amounta. 

Magnesium  oxide  (MgO)  not  less  than  18%.  Silica  (SiOz),  ferric  oxide  (FeaOa) 
and  alumina  (.\I2O3)  not  to  exceed  1%  each,  but  lower  grades  sometimes  ac- 
cepted. 

Calcium  carbonate  content  should  exceed  98%.  Preferred  rock  runs  more 
than  99%  CaCOa.  Limestone  as  low  as  97%  CaCOa  is  sometimes  accepted. 

Silica  (Si02)  not  more  than  1%.  Magnesia  not  more  than  4%.  At  some  plants 
ferric  oxide  (FesOa)  must  not  exceed  0.5%. 

In  general  the  higher  the  lime  (CaO)  content  the  better  the  price.  Rock  con- 
taining less  than  85%  CaCOa  is  seldom  accepted. 

The  price  received  is  dependent  mainly  on  the  calcium-magnesium  carbonate 
content,  rocks  being  seldom  accepted  if  they  contain  less  than  85%  of  car- 
bonate minerals. 

Ferric  oxide  (FesOa)  not  more  than  0.05%.  |>referably  not  more  than  0.02%. 
Calcium  carbonate  (CaCOa)  content  should  exceed  98%  in  case  of  limestone, 
or  98%  calcium-magnesitnn  carbonate,  in  case  of  dolomite. 

Calcium  carbonate  (CaCOa)  content  must  exceed  97%  and  should  exceed  98%. 
Magnesium  oxide  (MgO)  sliould  be  less  than  0.5%:  alumina  and  ferric 
oxides  (together)  less  than  0.5%;  silica  (SiOs)  less  than  1.2%;  and  phos- 
phorus, less  than  1.2%.  Sulfur  must  not  be  present  in  greater  than  trace 
amounts. 

In  general  the  calcium  carbonate  content  should  exceed  96%  but  magnesian 
limestones  containing  as  much  as  8%  magnesium  oxide  are  (rarely)  toler- 
ated— ^the  MgCOa.  content  generally  is  1%.  Other  maxima  are:  FesO 3-0.25%, 
SiO2-2.0%,  and  S03-O.l%. 

Concrete  aggregate  should  be  low  in  alkalies  and  free  of  surface  organic  matter. 
Presence  of  opaline  silica  is  highly  undesirable  in  concrete  aggregate.  Other 
aggregate  suitability  is  based  chiefly  on  durability,  particularly  toughness. 

Calcimn  oxide  (CaO)  contents  must  be  more  than  96%,  for  most  manufacturers. 

Magnesian  lime  is  generally  used.  Must  be  free  from  carbonates  and  should 
contain  le.ss  than  3%  of  total  impurities  other  than  carbon  dioxide  or  mag- 
nesium oxide.  In  vulcanization  such  lime  must  also  be  free  of  manganese, 
copper  and  calcium  oxides. 

Calcium  oxide  not  less  than  72.6%,  magnesium  oxide  not  more  than  1%. 
maximum  silica  plus  iron  oxide  plus  alumina,  1.5%,  maximum  carbon 
dioxide  (at  point  of  manufacture),  1%. 

Calcium  oxide  (CaO)  not  less  than  94%,  alumina-iron  not  more  than  2%.  silica 
not  more  than  2.5%  and  magnesia  not  more  than  3%. 

Must  be  very  low  in  iron  and  magnesium  oxide. 


Some  manufacturers  prefer  limestone  that 
does  not  decrepitate  during  calcining, 
i.e.,  that  will  hold  its  lump  form  through- 
out calcination. 

Some  manufacturers  prefer  rock  that  does 
not  decrepitate  during  calcining. 

Some  manufacturers  specify  rock  that 
will  not  decrepitate  when  heated. 

Some  manufacturers  specify  rock  that  holds 
its  lump  form  until  consumed  in  the  melt. 


Some    manufacturers    require    rock    that 

will  not  leave  a  scum  when  dissolved  in 

acid. 
To  be  acceptable  at  most  California  plants 

limestone    must    retain    its    lump    form 

during  calcination  (burning). 
Other  factors  being  equal,  a  soft,   friable 

rock    is   more   acceptable   because    it   is 

cheaper  to  process. 
Same  as  agricultural  limestone. 


Rock    must   retain   its   lump   form   during 
calcination. 


Rock  which  breaks  down  into  rhombic 
particles  is  preferred  in  some  plants.  The 
main  controlling  characteristic  is  the 
degree  of  whiteness  shown  by  the  proc- 
essed material. 

Must  be  clean,  strong,  durable  and  of  low 
porosity. 


Must  be  thoroughly  hydrated,  fine-grained 
and  free  of  grit. 


Must  be  comjiletely  hydrated  and  free  of 
grit. 


Must  be  very  fine-grained  and  very  white. 


*  This  table  indicates  such  chemical  and  physical  requirements  as  have  Iieeii  standanlized  by  the  various  consuming  industries. 


In  recent  years  there  has  been  a  considerable  prodnction 
of  dolomite  for  white  roofing  grannies  and  some  has 
been  marketed  for  aofricultnral  purposes. 
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LITHIUM  AND  LITHIUM  COMPOUNDS 

By  William  E.  Ver  Planck 


In  1952  the  United  States  produced  lithium  com- 
pounds valued  at  $1,052,000  and  containing  1,088  tons 
of  lithium  oxide  (LioO)  or  the  equivalent  of  nearly 
5  million  pounds  of  lithium  carbonate  (Li2C03).  In 
California,  one  company,  the  American  Potash  &  Chemi- 
cal Corporation  at  Trona,  San  Bernardino  County,  is 
recovering  lithium  carbonate  from  the  brines  of  Searles 
Lake.  The  Trona  production  is  1  to  1^  million  pounds 
per  year  and  therefore  represents  a  significant  portion 
of  the  United  States  supply.  The  pegmatites  of  the  Pala 
district,  San  Diego  County,  yielded  lithium  ores  from 
about  1900  to  1927 ;  and  for  several  years  the  produc- 
tion was  the  largest  of  any  lithium-producing  district 
in  the  United  States. 

Mineralogy  and  Geologic  Occurrence.  Lithium  is  a 
widespread  element,  but  economic  concentrations  are 
sparsel.v  distributed.  It  is  present  in  sea  water,  in  man.v 
mineral  springs,  and  in  the  waters  of  a  few  undrained 
basins.  Although  lithia  springs  were  at  one  time  valued 
for  their  supposed  therapeutic  power,  the  only  lithium- 
bearing  brines  that  have  yielded  lithium  compounds 
commercially  are  those  of  Searles  Lake,  which  contain 
only  0.048  percent  lithium  chloride. 

Lithium  a.ssociated  with  borax  and  kernite  is  present 
in  the  shale  at  Boron,  Kern  County.  Lithia  {Li20) 
comprises  a  fraction  of  1  percent  of  this  shale  but  the 
lithium  mineral  has  not  been  identified  (Arundale,  1954). 
Lithium  also  is  present  in  the  bentonitic  magnesian  clay 
mineral  hectorite,  which  is  mined  near  Hector,  San  Ber- 
nardino County.  The  lithia  content  of  hectorite  is  1.12 
percent  (Fosha'g,  1936). 

Lithium  ore  minerals  are  few  and  with  few  excep- 
tions occur  only  in  pegmatites.  None  of  the  ores  con- 
tain more  than  about  10  percent  Li20 ;  and  because  of 
substitution  of  sodium  or  potassium  for  lithium  in  lith- 
ium-bearing minerals,  the  quantity  of  lithia  is  usually 
less  than  the  theoretical  amount. 

Three  lithium  ore  minerals  have  been  important  in 
the  United  States.  Lepidolite,  the  principal  ore  mineral 
in  the  Pala  district,  San  Diego  County,  California,  is  a 
complex  silicate  of  aluminum,  potassium,  and  lithium 
with  fluorine  and  water.  Its  theoretical  lithia  content 
is  6.43  percent,  but  lepidolite  ore  usually  contains  three 
to  five  percent  Li20.  It  occurs  as  a  granular  aggregate 
of  pale  violet  flakes  that  commonly  are  fine-grained.  No 
large  deposits  are  known  in  the  T.^nited  States,  but  le- 
pidolite deposits  of  great  present  importance  occur  else- 
where  in   the   world,   particularly    Southern    lihodesia. 

Spodumene  [LiAl(Si03)2],  theoretically  containing 
8.1  percent  LioO  and  actually  one  to  7.6  percent  Li20, 
is  at  present  the  most  important  lithium  ore  mineral 
mined  in  the  United  States.  Common  spodumene  occurs 
as  wliitish,  latli-shaped  crystals  associated  with  other 
pegmatite  minerals.  Some  of  the  crystals  are  of  huge  size. 
One  crystal  at  the  Etta  mine  in  South  Dakota  was  six 
feet  in  diameter  and  42  feet  long,  one  of  the  largest 
single  crystals  known  (Schaller,  1916).  The  deposits  of 
greatest  economic  importance  at  present,  however,  consist 
of  finger-sized  crystals  of  spodvmaene  disseminated 
througli  large  bodies  of  pegmatite  material.  In  the  Cali- 


fornia pegmatites,  some  of  the  spodumene  occurs  as  the 
transparent  lilac  to  pink  variety  known  as  kunzite,  which 
is  a  valuable  semi-precious  gem  stone.  Minor  quantities 
of  non-gem,  altered  spodumene  have  been  mined  for 
lithium  ore.  Most  of  the  spodumene  that  formed  in  the 
pegmatites  of  California  has  been  partly  to  thoroughly 
altered  to  clay,  and  now  contains  less  than  two  percent 
LioO;  much  of  it  contains  less  than  one  half  of  one 
percent. 

Amblygonite  [Li(Al-F)P04],  which  was  also  mined 
in  the  Pala  district,  has  a  tlieoretical  lithia  content  of 
10.1  percent,  but  ores  usually  contain  about  9  percent. 
This  mineral,  which  is  the  richest  lithium  ore  mineral, 
superficially  resembles  feldspar  but  has  a  higher  specific 
gravity.  No  large  deposits  of  amblygonite  are  known. 

Most  of  the  lithium  that  has  been  recovered  in  the 
United  States  has  been  obtained  from  Searles  Lake  and 
from  two  spodumene-bearing  pegmatite  districts — one  in 
the  Black  Hills  of  South  Dakota  and  the  other  in  the 
Kings  Mountain  area  of  North  Carolina.  Lithium  min- 
erals, principally  lepidolite,  also  have  been  obtained  from 
pegmatities  in  northern  New  Mexico  as  well  as  in  the 
Pala  district  of  southern   California. 

Formerly  the  mining  was  confined  to  pegmatite  coarse 
enough  to  permit  hand  sorting  of  the  lithium  minerals; 
but  in  the  early  nineteen  forties,  the  mining  of  dissemi- 
nated spodumene  became  possible  when  beneficiation 
techniques  were  developed.  Large  reserves  were  thus 
created,  and  in  1955  all  but  a  small  part  of  the  spodu- 
mene obtained  in  the  United  States  was  recovered  by 
the  treatment  of  disseminated  ore.  Most  of  this  ore  con- 
tained 20  to  30  percent  spodumene  and  1.5  to  2.0  per- 
cent LioO.  Deposits  that  contain  less  than  several  tens 
of  thousands  of  tons  of  material  of  this  type  were  gen- 
erally considered  not  to  be  of  commercial  interest.  In 
1955  the  indicated  and  inferred  reserves  of  Li20  were 
estimated  at  128,000,000  units  (1,280,000  tons)  in  the 
Kings  Mountain  area  of  North  and  South  Carolina; 
9,000,000  units  (90,000  tons)  in  Searles  Lake,  California; 
1,600,000  units  (16,000  tons)  in  the  Black  Hills,  Soutli 
Dakota;  and  200,000  units  (2000  tons)  at  other  localities 
in  the  United  States  (Norton  and  Schlegel,  p.  343).  The 
reserve  estimates  in  pegmatites  were  based  on  a  mini- 
mum grade  of  1.0  percent  Li20. 

Very  large  lepidolite-bearing  pegmatite  bodies  in 
Southern  Rhodesia  will  contribute  a  large  part  of  the 
future  consumption  of  lithium  in  the  United  States. 
Late  in  1955,  the  American  Potash  &  Chemical  Corpora- 
tion completed  a  plant  to  treat  this  lepidolite  in  San 
Antonio,  Texas. 

Lithium  Operations  of  American  Potash  &  Chemical 
Corpuration.  Beginning  in  1938,  the  American  Potash 
&  Chemical  Corporation  has  been  recovering  litliium 
from  the  Searles  Lake  brine  in  the  form  of  dilithium 
sodium  phosphate  (LioNaPOi).  With  a  lithia  content 
of  about  21  percent,  the  concentrates  from  Trona  are 
the  world's  richest  lithium  raw  material.  Since  1951 
the  company  has  converted  the  entire  output  to  lithium 
carbonate,  an  important  lithium  compound  of  commerce. 
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Figure  1.     Flow  sheet,  lithium  carbonate  plant  of  American  Potash  &  Chemical  Corporation,  Trona,  San  Bernardino  County. 


Lithium  is  one  of  the  minor  constituents  of  the  Searles 
Lake  brine,  which  is  a  complex  alkali  brine  containing 
principally  sodium  and  potassium  chloride,  borate,  car- 
bonate, and  sulfate.  This  brine  contains  the  equivalent 
of  only  0.017  percent  Li20  by  weight. 

In  the  main  plant  cycle,  the  brine  is  evaporated  in 
triple  effect  evaporators,  and  the  concentrated  liquor  is 
further  treated  for  the  recovery  of  potash,  borax,  and 
bromine.  During  the  evaporation,  sodium  chloride  and 
burkeite  (2Na2S04-Na2C03)  crystallize  and  are  with- 
drawn from  the  evaporators  as  solids.  The  sodium 
chloride  is  returned  to  the  lake,  and  the  burkeite  goes 
to  the  soda  products  process  for  separation  into  sodium 
carbonate  and  sodium  sulfate. 

Within  the  evaporators,  heat  and  the  concentration 
of  the  brine  result  in  the  crystallization  of  insoluble 
dilithium  sodium  phosphate  (Li2NaP04).  The  lithium 
salt  precipitates  in  the  form  of  particles  only  2.5  microns 
in  diameter  that  are  withdrawn  from  the  evaporators 
with  the  burkeite.  When  the  soda  products  plant  was 
put  in  operation  in  1934,  troublesome  slimes  and  scums, 
which  were  found  to  be  high  in  lithium,  appeared  in  some 


of  the  equipment.  Recovery  of  lithium  came  in  1938 
and  consisted  at  first  of  processing  slimes  collected  in 
various  parts  of  the  soda  products  plant.  In  1944,  a 
flotation  plant  was  completed  that  not  only  recovers  a 
high  proportion  of  the  lithium  in  the  raw  brine  but  also 
furnishes  the  soda  products  plant  with  clarified  feed. 

In  the  present  operation,  burkeite  with  entrained 
Li2NaP04  is  leached  of  free  sodium  carbonate  and  then 
dissolved  to  yield  a  burkeite  solution  containing 
Li2NaP04  in  suspension.  Heat  liberated  in  dissolving 
the  burkeite  is  removed  by  aeration  in  a  cooling  tower. 
The  burkeite  solution  goes  to  the  lithium  flotation  plant ; 
and  after  the  lithium  has  been  removed,  the  clarified 
burkeite  liquor  is  returned  to  the  soda  products  plant 
for  further  processing.  Flotation  agents  are  a  light  min- 
eral oil  and  also  a  fatty  acid  derivative  used  to  control 
frothing  in  the  main  evaporators.  Air  entrained  in  the 
burkeite  cooling  tower  causes  the  frothing  in  the  flota- 
tion tanks  that  is  necessary  for  flotation. 

Flotation  is  accomplished  in  four  eylindical  tanks, 
each  of  10,000  gallons  capacity,  that  are  operated  in 
parallel.  Each  tank  is  fed  at  the  bottom,  and  the  liquor 
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overflows  into  an  inner  cylinder  with  a  conical  bottom. 
■•Entrained  air  forms  bubbles  that  collect  the  lithium 
mineral  and  rise  to  the  surface  to  form  a  froth  that 
overflows  into  a  peripheral  launder.  The  froth  is  col- 
lected, deaerated  by  heating  to  150°  F.,  and  diluted  to 
ilissolve  traces  of  burkeite  that  may  be  present.  The 
lithium  slurry  is  dewatered  on  Sweetland  filter  presses, 
;i  water  displacement  wash  is  applied,  and  the  cake  is 
dried.  This  was  the  material  that  formerly  was  marketed 
as  Trona  concentrates.  The  flotation  plant  has  a  capacity 
of  150  tons  of  Li2NaP04  per  month. 

The  lithium  carbonate  plant  has  some  of  the  fea- 
tures of  a  pilot  plant,  and  equipment  formerly  used 
lor  making  bromides  has  been  adapted.  Although  the 
|)rocess  has  been  worked  out  and  production  has  reached 
100  percent  of  the  planned  capacity,  numerous  refine- 
ments are  contemplated.  It  is  a  batch  plant  because  the 
scale  of  operations  do  not  warrant  continuous  methods. 

In  brief,  the  process  consists  of  treating  the  Li2NaP04 
loncentrate  with  sulfuric  acid  and  obtaining  mixed  sul- 
fates of  lithium  and  sodium  plus  phosphoric  acid.  Lith- 
ium carbonate  is  precipitated  by  adding  sodium 
carbonate  to  a  solution  of  mixed  sulfates,  and  the  tail 
li([Uor  is  essentially  sodium  sulfate. 

The  lithium  carbonate  plant  consists  of  three  main 
parts;  the  lithium  carbonate  cycle,  the  phosphoric  acid 
cycle,  and  the  end  liquor  recovery  section.  In  the  lithium 
carbonate  cycle,  lithium  concentrates  brought  from  the 
dotation  plant,  together  with  concentrated  sulfuric  acid, 
are  fed  into  the  digester,  a  large  cylindrical  tank.  Weak 
phosphoric  acid  is  circulated  through  the  digester  to 
control  pulp  density.  The  products  of  the  reaction,  a 
sludge  of  mixed  sulfates  of  lithium  and  sodium  plus 


weak  phosphoric  acid,  are  pumped  out  and  separated 
by  centrifuging.  The  phosphoric  acid,  which  still  con- 
tains some  lithium,  is  sent  to  the  dilute  acid  storage 
tank. 

The  mixed  sulfates  are  dissolved  in  water,  and  resid- 
ual phosphate  is  caused  to  precipitate  by  an  adjustment 
of  pH.  The  solution  is  filtered,  and  the  filter  cake,  lith- 
ium phosphate  plus  calcium  carbonate  that  probably 
originates  in  the  fresh  water  added,  is  returned  to  the 
digester.  The  clear  solution  of  mixed  sulfates  and  a 
sodium  carbonate  solution  are  mixed  together  to  pre- 
cipitate lithium  carbonate.  The  lithium  carbonate  is 
recovered  by  centrifuging  and  dried  at  310°  F.  in  a 
steam-heated  rotary  drier.  This  completes  the  lithium 
carbonate  cycle. 

In  the  phosphoric  acid  cycle,  acid  from  the  mixed 
sulfates  centrifuge  is  collected  as  already  mentioned.  One 
portion  of  the  acid  is  recirculated  through  the  digester, 
and  the  remainder  is  concentrated  by  evaporation  at 
320°  F.  The  hot  concentrated  acid  then  goes  to  water- 
cooled  acid  settlers  where  residual  lithium  and  sodium 
settle  out  in  the  form  of  a  sludge  of  mixed  sulfates.  This 
sludge  is  returned  to  the  digester.  The  final  product  is 
phosphoric  acid  of  75  percent  grade. 

The  end  liquor  recovery  involves  the  removal  of  all 
lithium  from  the  lithium  carbonate  centrifuge  filtrate. 
The  filtrate  is  evaporated  at  215°  F.,  and  dilute  phos- 
phoric acid  is  added  to  precipitate  the  lithium  as  lithium 
phosphate.  The  lithium  sludge  is  returned  to  the  di- 
gester. The  final  end  liquor,  which  is  a  clear  solution 
rich  in  sodium  sulfate,  contains  only  0.1  percent  lithium. 
The  end  liquor  is  routed  to  the  soda  products  plant  for 
recovery  of  values  contained  therein. 
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Pala  District,  San  Diego  County.  Previous  to  the 
first  commercial  recovery  of  lithium  from  Searles  Lake, 
lithium  minerals  had  been  obtained  from  a  group  of 
pegmatite  dikes  in  the  vicinity  of  Pala,  San  Diego 
County.  Though  lithium-bearing  gem  stones  (see  sec- 
tion on  gem  stones  in  this  volume)  have  been  produced 
from  numerous  mines  in  the  area,  a  single  property,  the 
Stewart  mine,  has  yielded  most  of  the  lithium  for  com- 
mercial purposes  (Jahns  and  Wright,  1951).  The  known 
commercial  concentrations  of  lithium-bearing  minerals 
are  confined  to  a  bulge  in  an  elongate  pegmatite  dike. 
The  bulge,  which  is  approximately  80  feet  thick,  con- 
tains a  discontinuous  quartz-spodumene  core  in  its 
central  portion.  About  the  core  several  pegmatite  zones 
are  arranged  in  layers.  Most  of  the  lepidolite-rich  peg- 
matite occurred  in  two  bodies  which  occurred  along  the 
footwall  of  the  core  and  at  or  near  a  bench-like  roll  in 
the  dike.  Each  was  about  200  feet  in  maximum  dimen- 
sion. 

The  Stewart  mine  was  opened  in  1892  and  was  worked 
sporadically  until  1928.  Though  lepidolite  was  its  prin- 
cipal ore  mineral,  small  amounts  of  amblygonite  also 
were  obtained.  The  recorded  output  of  these  two  min- 
erals in  the  Pala  district  totals  23,480  tons  valued  at 
$432,800.  Virtually  all  of  it  Avas  obtained  at  the  Stewart 
mine.  Several  of  the  yearly  outputs  of  this  mine  were 
the  largest  of  any  lithium  mine  in  the  United  States.  In 
recent  years  the  mine  has  been  inactive.  Much  smaller 
amounts  of  lepidolite  have  been  obtained  from  other 
pegmatites  in  the  area,  principally  those  at  the  Pala 
Chief,  Vanderburg-Katerina,  Tourmaline  King,  and 
Tourmaline  Queen  mines. 

Methods  of  Recovery.  Pour  companies,  the  American 
Potash  &  Chemical  Corporation,  the  Foote  Mineral  Com- 
pany, the  Lithium  Corporation  of  America,  and  the 
Maywood  Chemical  Works,  produce  most  of  the  lithium 
concentrates  and  chemicals  recovered  from  pegmatite 
minerals  in  the  United  States.  The  Trona  plant  of  the 
American  Potash  &  Chemical  Corporation,  which  is 
described  above,  does  not  consume  lithium  minerals ;  but 
a  subsidiary,  the  American  Lithium  Chemicals,  Inc., 
produces  lithium  hydroxide  at  San  Antonio,  Texas,  from 
African  lepidolite.  The  Foote  Mineral  Company  mines 
spodumene  near  Kings  Mountain,  North  Carolina,  and 
processes  it  into  lithium  carbonate  at  Sunbright,  Vir- 
ginia, and  into  other  lithium  compounds  at  Exton,  Penn- 
sylvania. It  also  imports  lithium  ore  minerals  from 
Africa.  The  Lithium  Corporation  of  America  produces 
lithium  hydroxide  near  Bessemer  City,  North  Carolina, 
from  spodumene  mined  from  its  deposits  near  Kings 
Mountain  and  from  Canadian  spodumene.  It  also  pro- 
duces lithium  metal  and  compounds  near  Minneapolis, 
Minnesota,  and  owns  deposits  of  spodumene  in  the  Black 
Hills,  South  Dakota,  that  were  worked  through  1955. 
The  Maywood  Chemical  Works  produces  lithium  metal 
and  compounds  of  NP  (National  Formulary)  grade  at 
Maywood,  New  Jersey.  This  plant  consumes  spodumene 
from  the  company's  Etta  mine,  South  Dakota,  as  well 
as  purchased  spodumene. 

Spodumene  ores  can  be  beneficiated  by  flotation,  but 
hand  picking  is  the  only  method  for  upgrading  the  other 
lithium  minerals.  One  company  is  reported  to  have 
8,000,000  tons  of  proved  and  indicated  ore  (Chem.  Eng. 


News,  1954),  and  the  other  producers  also  own  or  con- 
trol large  reserves.  From  a  single  operation,  ore  contain- 
ing 20  percent  spodumene  (1  to  3  percent  Li20)  is  being 
mined  by  open  pit  methods  at  the  rate  of  as  much  as 
1,200  tons  a  day.  Lithium  minerals  are  also  obtained 
from  smaller  but  richer  deposits  by  underground  mining 
methods,  and  additional  amounts  are  recovered  as  by- 
products from  the  mining  of  pegmatite  minerals  such  as 
feldspar  and  quartz. 

The  extraction  of  lithium  chemicals  from  their  ores  is  !1 
relatively  difficult  and  expensive.  In  the  process  used  by  ' 
the  Lithium  Corporation  of  America,  spodumene  is 
caused  to  decrepitate  by  calcination  at  1000°  to  1100°  C, 
and  sulfuric  acid  is  added.  By  a  base  exchange  process, 
hydrogen  from  the  acid  is  substituted  for  the  lithium  of 
the  silicate.  Lithium  sulfate  in  solution  is  then  extracted 
from  the  treated  mass  by  leaching  with  water,  and  pure 
lithium  carbonate  is  precipitated  from  the  solution  with 
soda  ash.  In  the  Foote  Mineral  Company's  process,  a 
slurry  of  spodumene  and  limestone  is  calcined  in  a  10- 
by  340-foot  kiln.  Soluble  lithium  hydroxide  is  leached 
from  the  calcined  mixture  with  water,  and  the  lithium- 
rich  liquor  is  evaporated  to  yield  crystals  of  lithium 
hydroxide.  American  Lithium  Chemicals  Inc.  calcines  a 
mixture  of  ground  lepidolite  and  limestone  in  a  rotary 
kiln.  Soluble  lithium  and  potassium  salts  are  leached 
from  the  kiln  product  with  water,  and  lithium  hydroxide 
is  recovered  from  the  resulting  solution  by  evaporation, 
filtration,  and  drying. 

Properties  of  Lithium.  Lithium,  with  a  specific  grav- 
ity of  0.534,  is  the  lightest  of  all  metals.  It  has  two  iso- 
topes, Li"  and  Li^,  of  which  Li'^  is  much  more  abundant. 
It  is  silvery  white  and  softer  than  lead,  but  harder  than 
sodium  or  potassium.  Lithium  salts  give  a  crimson  flame 
test.  Lithium  is  very  active  chemically  and  combines 
readily  with  other  elements.  It  is  one  of  the  alkali  metals, 
others  being  sodium,  potassium,  rubidium,  and  cesium. 
Many  of  its  compounds  and  chemical  reactions,  however, 
resemble  those  of  the  alkaline  earth  metals,  beryllium, 
magnesium,  calcium,  strontium,  barium,  and  radium. 

Lithium  when  heated  combines  with  most  gases  and 
is  capable  of  absorbing  even  traces  of  them.  In  dry  air 
at  room  temperature  a  protective  coating  of  lithium 
nitride  (Li.-jN)  forms  that  prevents  oxidation,  but  when 
heated  to  200°  C.  it  burns  with  an  intense  white  light. 
At  high  temperature  it  combines  with  hydrogen  to  form 
lithium  hydride  (LiH),  a  stable  solid.  Water  decom- 
poses lithium  hydride,  releasing  hydrogen.  One  pound 
of  lithium  hydride  reacted  with  water  releases  40  cubic 
feet  of  hydrogen.  With  ammonia,  lithium  reacts  to  form 
lithium  amide  (IjiNH2).  Lithium  combines  Avith  the 
halogens  to  form  halides  that  resemble  those  of  calcium 
more  than  those  of  sodium.  All  are  soluble  except  for  the 
fluoride,  which,  like  fluorite  (CaF2),  is  insoluble.  Lith- 
ium chloride  and  bromide,  like  the  calcium  salts,  are 
hygroscopic;  that  is,  they  readily  absorb  and  retain 
moisture.  Lithium  bromide  is  one  of  the  most  hygroscopic 
compounds  known. 

If  lithium  is  dropped  into  water,  hydrogen  gas  is  lib- 
erated and  lithium  hydroxide  is  formed,  which  is  spar- 
ingly soluble.  The  reaction  proceeds  quietly,  and,  unlike 
that  with  sodium,  insufficient  heat  is  generated  to  ignite 
the  hydrogen.  Lithium  hydroxide   is  usually  prepared 
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from  lithium  ore  minerals,  and  its  principal  use  is  in  the 
manufacture  of  lithium  grease. 

Lithium  carbonate,  like  calcium  carbonate,  is  relatively 
insoluble ;  and  it  is  decomposed  by  heat,  but  less  readily 
than  calcium  carbonate.  Ijithium  bicarbonate  is  an  un- 
stable compound.  Lithium  carbonate  is  used  in  greater 
quantity  than  any  other  lithium  compound  and  is,  in 
addition,  the  material  from  which  lithium  and  most  other 
lithium  chemicals  are  made.  Most  of  the  phosphates  of 
lithium  are  insoluble.  Ijithium  sulfate  is  relatively  sol- 
uble and  resembles  sodium  sulfate  rather  than  calcium 
sulfate  in  this  respect. 

Uses.  Lithium  metal  is  prepared  on  a  commercial 
scale  by  the  electrolytic  reduction  of  a  fused  mixture  of 
lithium  chloride  and  other  alkali  salts.  So  far  it  is  of 
limited  usefulness,  although  in  one  method  of  manufac- 
turing lithium  hydride,  lithium  metal  is  reacted  with 
hydrogen  under  high  vacuum.  Much  of  the  lithium  hy- 
dride produced  is  combined  with  ammonia  to  form  lith- 
ium amide,  which  is  an  intermediate  product  in  the  man- 
ufacture of  anti-histamines  and  other  pharmaceuticals. 
Lithium  metal  is  also  used  as  a  scavenger  in  refining 
nonferrous  metals,  and  in  the  grain  refinement  of  nodu- 
lar iron  in  ferrous  metallurgy.  Lithium  alloys  of  mag- 
nesium, aluminum,  copper,  lead,  and  zinc  are  under  de- 
velopment and  have  promise.  The  most  significant  use  of 
lithium  may  well  be  in  connection  with  the  hydrogen 
bomb.  Although  no  information  has  been  released,  two 
applications  for  lithium  have  been  postulated.  In  one, 
the  lithium  isotope  Li^  is  bombarded  with  neutrons  in  an 
atomic  pile  to  produce  tritium  (H^)  for  use  in  the  bomb ; 
in  the  other,  lithium  plays  an  essential  part  in  the  ther- 
monuclear reaction  of  the  bomb  itself. 

It  is  in  its  compounds,  however,  that  lithium  has  had 
its  greatest  application.  The  Edison  alkaline  storage  bat- 
tery, which  contains  lithium  hydroxide,  consumed  the 
largest  amount  before  World  War  II.  During  World 
War  II  the  largest  use  of  lithium  compounds  was  for 
lithium  hj'dride  used  as  a  source  or  carrier  of  hydrogen. 
Navy  rescue  kits  contained  small  antenna  balloons  in- 
flated with  hydrogen  obtained  by  adding  sea  water  to 
lithium  hydride.  In  addition,  the  armed  forces  required 
lubricants  that  were  stable  over  a  wide  range  of  temper- 
atures; and  lithium  stearate  greases  were  developed  that 
solved  the  problem.  Since  the  war  the  use  of  lithium 
greases  has  expanded  rapidly. 

Today  probably  nearlv  half  of  the  lithium  compounds 
consumed  in  the  United  States  are  for  lubricants;  the 
ceramics  industry  accounts  for  an  equal  or  slightly 
smaller  amount;  and  less  than  15  percent  of  the  total  is 
used  for  storage  batteries,  air  conditioning,  welding, 
organic  synthesis,  and  miscellaneous  purposes.  In  ce- 
ramics, lithium  is  used  in  special  glasses,  ceramic  bodies, 
and  glazes.  Lithium  is  added  in  the  form  of  lepidolite, 
spodumene,  amblygonite,  or  petalite,  or  of  frits  prepared 
from  lithium  carbonate.  Lithium-bearing  frits  have  be- 
come accepted  as  standard  materials  for  making  porce- 
lain enamels.  The  use  of  lithium-bearing  eutectics  permits 
lower  firing  temperatures  and  gives  greater  adherence 
of  the  enamel  to  the  metal,  higher  gloss,  and  improved 
resistance  to  thermal  shock. 

Considering  the  small  size  of  the  production,  a  large 
number  of  applications  for  lithium  have  been  proposed, 


and  some  of  them  may  become  significant.  Lithium  chlo- 
ride has  been  used  in  air  conditioning  for  drying  air, 
and  lithium  fluoride  is  employed  in  the  welding  and 
brazing  of  aluminum  to  dissolve  aluminum  oxide.  Pyro- 
technics require  small  amounts  of  lithium  chemicals. 
Other  applications  include  fungicides,  the  production  of 
bleaching  agents,  lithium  catalysts,  lithium  salt  mixtures 
for  heat  transfer,  cosmetics,  and  petroleum  refining.  A 
wider  use  of  lithium  chloride  and  lithium  bromide  for 
air  conditioning  has  been  predicted,  and  a  second  field 
where  the  applications  of  lithium  may  be  expected  to 
increase  is  organic  synthesis. 

Markets  and  Prices.  Most  lithium  enters  the  market 
either  as  refined  lithium  chemicals  or  as  lithium  min- 
erals that  have  been  milled  to  specified  grades.  All  of 
the  major  lithium  producers  in  the  United  States,  how- 
ever, as  well  as  some  ceramic  plants  are  potential  buyers 
of  clean,  hand  picked  lithium  minerals.  Processing 
plants  are  located  in  South  Dakota,  Texas,  North  Caro- 
lina, New  Jersey  and  Virginia. 

Lithium  materials  are  commonly  sold  on  a  contract 
basis.  The  American  Potash  &  Chemical  Corporation  has 
announced  that  the  following  prices  for  contract  ton- 
nages will  be  in  effect  January  1,  1956 : 

Lithium  carbonate,  carload  lots,  82  cents  per  pound, 
delivered. 

Lithium  hydroxide,  carload  lots,  80  cents  per  pound, 
delivered. 

The  prices  paid  for  lithium  minerals  are  not  quoted 
in  trade  journals.  According  to  Eigo  and  others  (1955), 
prices  received  at  the  mine  for  spodumene,  lepidolite, 
and  petalite  are  $n-$12  per  short  ton  unit  of  LioO,  and 
for  amblygonite,  $60-$75  per  short  ton.  Prices  for  lithium 
minerals  are  subject  to  negotiation ;  and  the  actual  price 
received  depends  on  the  quality  of  the  ore,  the  quantity 
to  be  shipped,  and  the  distance  from  the  deposit  to  the 
purchaser's  plant. 
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MAGNESIUM  AND  MAGNESIUM  COMPOUNDS 


By  William  E.  Ver  Planck 


111  California  three  plants  produce  magnesium  com- 
pounds from  sea  water  and  sea-water  bittern  by  treat- 
ment with  calcined  dolomite.  A  plant  at  Newark,  Ala- 
meda County,  and  another  at  Moss  Landing.  Monterey 
County,  produce  magnesia  refractories  and  specialtj' 
magnesias;  and  one  at  South  San  Francisco,  San  Mateo 
County,  produces  magnesium  compounds  of  high  purity 
for  pharmaceutical  and  other  uses.  A  fourth  plant,  at 
Chula  Vista,  San  Diego  County,  produces  magnesium 
chloride  from  bittern  without  the  use  of  dolomite.  In 
1953  these  plants  produced  55,866  tons  of  magnesium 
oxide  or  its  equivalent,  valued  at  $3,483,483.  Not  in- 
cluded in  these  figures  is  a  very  small  tonnage  of  mag- 
iicsite  that  was  mined  in  the  Red  Mountain  district, 
Santa  Clara  County. 

Prior  to  1945  magnesite  deposits  in  California  were 
worked  on  a  large  scale.  They  include,  in  addition  to 
those  in  the  Red  Mountain  district,  deposits  in  the 
Porterville  district,  Tulare  County;  and  the  Bald  Eagle 
mine,  Stanislaus  County.  Until  1917  the  only  domestic 
|ii-oduction  of  magnesite  came  from  California,  and  in 
World  War  I  the  California  mines  helped  to  relieve  the 
■ritical  shortage  of  refractory  magnesite  that  developed 
wlien  imports  from  Europe  were  cut  off. 

Magnesium  metal  has  been  produced  in  California  by 
^  two  thermal  reduction  plants,  one  at  Permanente,  San 
Mateo  County,  and  the  other  at  Manteca,  San  Joaquin 
County,  that  were  built  in  World  War  II  as  part  of  a 
nation-wide  program  to  supply  the  military  demand  for 
magnesium.  Both  were  operated  by  the  Henry  J.  Kaiser 
interests.  The  plant  at  Permanente  operated  from  late 
1941  until  1945  and  has  since  been  dismantled.  The 
plant  at  Manteca  operated  from  1942  to  1944  and  from 
1951  until  June  1,  1953.  During  the  first  period  of 
operation  it  produced  22,368,900  pounds  of  magnesium 
ingots. 

Mineralogy  and  Geologic  Occurrence.  Magnesium  is 
a  widespread  element  whose  compounds  are  found  in 
solution,  in  soluble  salts  derived  from  the  evaporation 
of  brines,  in  massive  rocks,  and  in  veins.  In  sea  water  it 
is  the  second  most  abundant  metal  after  sodium.  Sea 
water  of  average  concentration  contains  the  equivalent 
of  0.21  percent  MgO  which  occurs  as  the  chloride  and 
sulfate. 

Higher  concentrations  of  magnesium  occur  in  salt- 
works bittern,  the  tail  liquor  from  solar  salt  works  from 
which  the  carbonates,  gypsum  (CaS04 -21120),  and  most 
of  the  salt  (NaCl)  have  been  precipitated  by  evapora- 
tion. The  following  analyses  are  of  bittern  produced  at 
San  Francisco  Bay : 

Component  Percent  at  28°  B6  Percent  at  30°  B« 

NaCl    12.5  16.0 

MgCb 6.0  8.7 

MgSO.   4.2  6.1 

KCI    1.4  1.9 

MgBr   0.14  0.20 

Certain  terrestrial  brines  are  important  sources  of 
magnesium  chemicals  and,  less  commonly,  of  magnesia. 
The  best  known  are  the  magnesium-calcium  chloride 
brines  of  Michigan,  Ohio,  and  West  Virginia.  In  Cali- 


fornia the  brine  of  Bristol  Lake,  San  Bernardino 
County,  belongs  to  this  class ;  but  to  date  magnesium 
compounds  have  not  been  recovered  from  it. 

Soluble  Minerals.  Magnesium  salts  are  very  soluble, 
and  the  most  common  ones  are  complex  chlorides  and 
sulfates  with  potassium  or  sodium.  They  include  the 
following : 

Carnallite    KClMgCU-eH.O 

Langheinite    K2SO,-2MgS04 

Kainite    KCl-MgSO.-SHjO 

Bloedite    MgSO,-Na2SO.-4H20 

Epsomite    MgSO.-THzO 

Deposits  of  the  potassium-bearing  magnesium  salts 
have  not  been  found  in  California. 

Insoluble  Minerals.  The  most  important  insoluble 
magnesian  ore  minerals  are  magnesite  (MgCOs)  and 
dolomite  [  (Ca,Mg)C03].  Dolomite  most  commonly 
occurs  as  a  sedimentary  rock  or  its  metamorphosed 
equivalent,  dolomitic  marble.  Dolomite  is  discussed  in 
another  section  of  this  bulletin.  Brucite  [Mg(0H)2]  and 
hydromagnesite  (3MgO-Mg(OH)2'3H20)  are  ore  miner- 
als at  some  localities  but  are  not  of  commercial  impor- 
tance in  Calif  ornia.  The  silicates  olivine  [  (Mg,Fe)2Si04], 
forsterite  (MgoSi04),  and  serpentine  (HiMg.sSioOs) 
have  minor  uses  as  refractories  and  sources  of  mag- 
nesium compounds  and  may  be  important  in  the  future. 

Magnesite  has  three  ma.jor  geologic  occurrences:  (1) 
as  replacement  bodies  in  dolomite,  (2)  as  fracture  fill- 
ings and  replacement  bodies  in  serpentine,  and  (3)  as 
sedimentary  deposits  associated  with  playa  lake  beds. 
The  larger  magnesite  deposits  of  the  world,  including 
those  of  Chewelah,  Washington,  and  Gabbs,  Nevada,  and 
those  in  Austria  and  Manchuria,  are  of  the  dolomite 
replacement  type.  The  magnesite  of  these  deposits  is 
crystalline  as  contrasted  with  the  cryptoerystalline  or 
"amorphous"  variety  characteristic  of  deposits  associa- 
ted with  serpentine  and  with  lake  sediments.  In  gen- 
eral, the  ore  bodies  in  dolomite  are  very  large  and  com- 
paratively impure,  and  the  ore  bodies  associated  with 
serpentine  are  small  and  comparatively  pure.  In  gen- 
eral, the  sedimentary  deposits  are  small  and  impure. 

Localities.  Most  of  the  magnesite  deposits  in  Cali- 
fornia are  associated  with  serpentine  and  occur  in  the 
Coast  Ranges  and  in  the  western  foothills  of  the  Sierra 
Nevada.  The  largest  known  and  most  recently  worked 
deposits  are  in  the  Red  Mountain  district  on  the  border 
of  Santa  Clara  and  Stanislaus  Counties  and  30  miles 
southeast  of  Livermore.  The  Western  mine,  whose  work- 
ings center  about  a  group  of  veins  that  lie  mainly  on 
the  Santa  Clara  County  side  of  the  line,  has  yielded 
approximately  870,000  tons  of  magnesite  from  1905  to 
1945.  Since  that  time  small  quantities  of  magnesite 
sorted  from  the  dumps  have  been  shipped.  Approxi- 
mately 70,000  tons  have  been  produced  from  the  Red 
Mountain  mine  in  Stanislaus  County,  which  was  active 
from  1915  to  1941.  Still  smaller  tonnages  were  obtained 
from  other  deposits. 

Probablj'  second  in  total  output  is  the  Bald  Eagle 
mine  in   Stanislaus  County  near  the   Merced   County 
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C:^    Areas  of  serpentine 
1-16  •    Magresite  ossocioted  with  serpentine 
17-19  o    Magnesite  ossocioted  witti  dolomite 
20-24O    Sedimentory  mognesite 

25  X     Soluble  mognesium   mmerols 
a-Q  ^    Plan's  producing  magnesium  compounds 

from  seo  woter  or^d  bittern 
E-F  ■    Mognesium  reduction  plonts 


LIST  OF  PLANTS 

A.  Koiser    Aluminum  ond   Cfiemicol  Corp. 

B.  Morine  Magnesium    Products  Division 

C.  ChulQ   Visto  plant,  Westvoco  Ctiemicol  Division 

D.  Nework  plont,  Westvoco  Chemical  Division 


LIST  OF  DEPOSITS 


1. 

Sold  Eogie   mine 

2. 

Cedar  Moufifam 

3. 

Fresno 

4, 

Groy  Eogle  mine 

5. 

Horker    mine 

6. 

Hemet 

7. 

HiKon    Rancti 

8, 

Kings 

9. 

Red    Mountoin  mine 

10. 

Red  Slide  deposit 

1  1. 

Sampson    mine 

12. 

Snowfloke    ond  Blanco 

13, 

Success  oreo 

14, 

Sulhvan 

15. 

Western   mine 

16. 

White  Rock  mine 

17. 

Boll 

18. 

New  TfOil 

19. 

Richter 

20. 

fifton 

21. 

Bissell 

22. 

Copilan 

23. 

Kromer 

24. 

Needles 

25,    Amertcon   Mognesii 


MAP  SHOWING  LOCATIONS  OF 

MAGNESITE  DEPOSITS 

AND 

PLANTS  PRODUCING  MAGNESIUM  COMPOUNDS 

IN     CALIFORNIA 


Figure  1.     Map  of  Califi)niia  showins  location  of  masnesite  deposits  and  plants  prodneing  magnesium  and  masnesium  compounds. 


Magnesium  and  Magnesium  Compounds — Veb  Planck 
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GEOLOGY  OF  PART  OF  3401  FT.  LEVEL 

SILVER  ONE  VEIN,  WESTERN  MINE 

SANTA   CLARA  COUNTY, 

CALIFORNIA 


SCALE  IN  FEET 


Figure  2.  Geologic  map  of  part  of  3401-foot  level,  Silver  One 
vein,  Western  mine,  Santa  Clara  County,  showing  magnesite  in  a 
strong  shear  and  breccia  zone.  After  Bodenlos,  1950. 

line  and  20  miles  southwest  of  Gustine.  Large-scale  oper- 
ations began  in  1930,  and  the  mine  was  closed  in  1944. 

Mines  of  the  Porterville  district  east  of  Porterville, 
Lindsay,  and  Exeter  in  Tulare  County  furnished  most 
of  the  magnesite  mined  in  California  prior  to  1930. 
The  total  production  of  the  Porterville  district  is  prob- 
ably about  500,000  tons.  Other  mines  that  yielded  sub- 
stantial tonnages  of  magnesite  in  the  1920s  and  earlier 
were  the  Sampson  mine  in  San  Benito  County  and 
near  the  New  Idria  quicksilver  mine ;  the  Snowflake 
and  Blanco  mines  in  Chiles  Valley,  and  the  "White  Rock 
mine  in  Pope  Valley,  all  in  Napa  County;  a  mine  on 
Austin  Creek  north  of  Cazadero,  Sonoma  County;  and 
a  mine  on  Cedar  Mountain  in  Alameda  County  11  miles 
southeast  of  Livermore.  Additional  magnesite  deposits 
that  are  associated  with  serpentine  have  been  worked 
in  Mendocino,  Kings,  Placer,  Fresno,  Tuolumne,  and 
Riverside  Counties. 

The  Red  Mountain  magnesite  deposits,  which  have 
been  studied  in  detail  by  Bodenlos  (1950),  are  generally 
typical  of  all  the  deposits  enumerated  above  except  the 
Bald  Eagle  deposit.  The  deposits  at  Red  Mountain  have 
formed  in  a  large  sill-like,  ultrabasic  intrusive  body  and 
occur  as  replacements  of  serpentine  in  shear  zones  and 
tension  fractures  and  locally  as  fissure  fillings.  The  mag- 
nesite is  characteristically  white,  porcelain-like,  and 
cryptocrystalline.  Opal,  chalcedony,  caleite,  and  the  hy- 


drous magnesium  silicates  deweylite  and  sepiolite  form 
veinlets  that  cut  the  magnesite.  Minor  proportions  of 
dolomite,  manganese  oxide,  and  unreplaced  serpentine 
occur  in  the  ore  also.  Portions  of  some  veins  are  as  much 
as  30  feet  thick,  but  most  of  the  ore  shoots  mined  in 
1944  were  5  to  10  feet  wide.  When  the  mine  was  in 
operation,  veins  narrower  than  2  or  3  feet  could  not 
be  profitably  worked.  Ore  shoots  are  rarely  more  than 
500  feet  in  length  and  depth.  Mineralization  has  been 
observed  through  a  vertical  range  of  500  to  700  feet 
and  may  extend  much  deeper.  Magnesite  associated  with 
serpentine  is  believed  to  be  an  alteration  product  result- 
ing from  the  action  of  aqueous  solutions  rich  in  carbon 
dioxide  on  magnesium  silicates.  Though  descending 
groundwater  has  been  postulated  as  the  mineralizing 
agency,  Bodenlos  (1950,  pp.  259-266)  presents  evidence 
that  the  waters  that  produced  the  Red  Mountain  de- 
posits were  hydrothermal. 

At  the  Bald  Eagle  mine  the  magnesite  also  has  re- 
placed serpentine.  The  principal  deposit  is  moderately 
dipping  and  tabular  in  shape,  and  it  occurs  near  the  base 
of  a  body  of  breeciated  serpentine  that  is  underlain  by 
Franciscan  sedimentary  rocks.  The  breccia  may  be  an 
old  slide.  The  magnesite  is  locally  as  much  as  30  feet 
thick,  but  averaged  about  4  feet  in  thickness. 

Deposits  Associated  With  Dolomite.  Some  small 
magnesite  bodies  that  have  replaced  dolomite  occur  near 
Barstow  (Bowen,  1954,  pp.  170,  171)  and  Mountain 
Pass  (Rubey,  1936,  pp.  118-119),  San  Bernardino 
County;  and  there  may  well  be  others  in  the  state.  This 
magnesite  is  cryptocrystalline,  not  crystalline. 

Sedimentary  Deposits.  Sedimentary  magnesite  has 
been  mined  at  Bissell,  Kern  County  (Gale,  1912,  pp. 
512-516)  ;  and  similar  deposits  occur  near  Afton  (Rubey, 
1936,  pp.  117,  118),  Needles  (Vitaliano,  1950),  and  in 
the  Kramer  Hills  (Bowen,  1954,  pp.  171,  172),  San 
Bernardino  County.  The  deposits  are  small,  and  with 
the  exception  of  the  Needles  deposit,  comparatively  im- 
pure. The  magnesite,  which  is  cryptocrystalline  but  soft 
and  chalky,  is  interbedded  with  folded  playa  lake  sedi- 
ments of  Tertiary  age.  The  deposits  are  believed  to  have 
precipitated  from  saline  lake  water  and  should  perhaps 
be  considered  as  saline  deposits. 

Deposits  of  Soluble  Magnesium  Minerals.  Attempts 
have  been  made  to  mine  epsomite  from  a  point  in  San 
Bernardino  County  20  miles  east  of  Searles  Lake  and 
west  of  the  Owlshead  Mountains  where  efflorescent  salts 
occur  on  the  outcrops  of  Tertiary  clay  beds.  The  Ameri- 
can Magnesium  Company  was  active  there  from  1922  to 
1926  and  shipped  some  material  over  a  monorail  con- 
structed through  Wingate  Pass  to  a  station  on 
the  Trona  Railroad  south  of  Searles  Lake.  Bloedite 
(MgS04-Na2S04-4H20)  is  present  in  a  sodium  sulfate 
deposit  in  the  Durmid  Hills,  Imperial  County. 

Mining  Methods.  Most  of  the  narrow,  steeply  dip- 
ping magnesite  veins  associated  with  serpentine  have 
been  mined  by  underground  methods,  although  the  out- 
crops of  some  veins  were  mined  with  open  cuts.  Ojien 
stoping,  modified  shrinkage  stoping,  and  cut-and-fiU 
sloping  have  been  employed.  To  obtain  ore  of  shipping 
grade,  careful  mining  to  avoid  dilution  was  necessary; 
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Figure  3.     Photo   showing   magnesia   plant   of   Kaiser   Aluminum  &  Chemical  Corporation,  Moss  Landing,  Monterey  County. 


and  often  the  magnesite  was  hand  sorted  in  the  stopes. 
In  some  places  ore  was  left  to  support  weak  walls. 

Moss  Landing  Plant.  The  magnesia  plant  of  Kaiser 
Aluminum  &  Chemical  Corporation  is  at  Moss  Landing, 
Monterey  County.  Raw  materials  are  sea  water,  pumped 
from  nearby  Blkhorn  Slough  at  the  rate  of  30  million 
cubic  feet  per  day,  and  caustic  calcined  dolomite  pre- 
pared at  the  Natividad  quarry,  12  miles  away  by  road. 

In  the  first  step,  the  calcined  dolomite  is  formed  into 
a  slurry  with  water.  Lumps  of  calcined  dolomite  quickly 
disintegrate,  while  almost  all  of  the  impurities  present 
in  the  dolomite  settle  and  are  removed  by  classification. 
Next  the  raw  sea  water  is  treated  with  a  portion  of  the 
calcined  dolomite  slurry  in  order  to  precipitate  dissolved 
carbon  dioxide  as  calcium  carbonate.  The  operation  is 
carried  out  in  three  pre-treatment  tanks  operated  in 
parallel.  The  carbon  dioxide-free  water  then  goes  to  the 
reaction  tank  where  the  rest  of  the  calcined  dolomite 
slurry  is  added.  The  calcium  of  the  dolomite  is  replaced 
by  magnesium  in  the  sea  water.  Magnesium,  which  origi- 
nates from  both  the  dolomite  and  the  sea  water  in  ap- 
proximately equal  proportions,  precipitates  as  the 
hydroxide.  The  physical  properties  of  the  precipitate, 
particularly  its  filtering  characteristics,  depend  in  large 
measure  on  the  conditions  maintained  in  the  reaction 
tank.  The  magnesium  hydroxide  precipitate  is  thickened 
in  two  250-foot  thickeners.  The  overflow  is  returned  to 
the  sea,  and  the  underflow  is  washed  free  of  chlorides 
with  fresh  water  in  two  additional  250-foot  thickeners. 
The  washed  magnesium  hydroxide  is  dewatered  with 
Oliver  filters.  Some  filter  cake  is  marketed  without  fur- 
ther treatment ;  but  most  of  it  is  calcined.  Calcination  is 
carried  out  in  two  Schmidt  kilns  of  the  type  used  in 


Portland  cement  plants.  Dust  collected  from  the  kilns  is 
added  to  the  filter  cake  and  recalcined.  By  the  addition 
of  small  quantities  of  iron,  silica,  and  other  materials, 
and  by  varying  the  temperature  of  the  kiln  a  number  of 
different  magnesias  are  made.  Still  more  products  are 
produced  by  blending.  Magnesia  that  contains  a  few 
percent  of  silica  is  called  periclase. 

A  portion  of  the  periclase  is  consumed  in  an  adjoin- 
ing refractory  brick  plant  where  periclase-ehrome  brick 
of  several  compositions  are  manufactured.  Most  of  the 
chromite  is  obtained  from  the  Philippine  Islands,  but 
some  comes  from  California.  Periclase  and  chromite  are 
crushed,  weighed  out,  and  mixed  M'ith  a  small  amount 
of  water.  Brick  are  shaped  with  hydraulic  presses  and 
stacked  on  pallets  for  handling.  Burning  is  done  in  a 
continuous  kiln  equipped  with  automatic  combustion 
controls.  For  chemically  bonded  brick,  which  are  not 
burned,  a  chromium  chemical  is  added. 

The  Manteca  Plant  (Schrier,  1952).  The  United 
States  Government's  silicothermic  magnesium  plant  is 
2  miles  west  of  Manteca,  San  Joaquin  County.  The 
plant  was  reactivated  in  February  1951  and  operated 
by  Kaiser  Magnesium  Company.  Production  began  June 
6,  1951,  and  continued  until  June  1,  1953,  when  the 
plant  was  again  placed  on  a  standby  basis.  It  has  since 
been  leased  by  Western  Pyromet  Company  which  has 
announced  plans  to  produce  titanium. 

In  the  silicothermic  or  ferrosilicon  process  calcined 
dolomite  is  reduced  with  silicon  in  the  form  of  ferrosili- 
con at  high  temperature  in  a  highly  evacuated  retort. 
Magnesium  vapor  is  liberated  and  condenses  in  the 
water-cooled  outer  end  of  the  retort  which,  projects  out 
of  the  furnace.  The  calcium  oxide  of  the  dolomite  com- 
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bines  with  the  oxidized  silicon  and  prevents  the  forma- 
tion of  magnesium  silicates,  which  are  difficult  to  reduce. 
Pure  magnesium  oxide  cannot  be  reduced  by  the  sili- 
cothermic  process.  The  iron  of  the  ferrosilicon  plays  no 
part  in  the  reduction.  The  charge  contains,  in  addition, 
a  small  amount  of  fluorite,  which  in  some  manner  not 
fully  understood  increases  the  j'ield. 

In  normal  times  magnesium  is  reduced  by  the  elec- 
trolysis of  a  mixture  of  fused  magnesium  and  other 
chlorides,  and  the  silieothermie  process  is  not  competi- 
tive. The  large  amount  of  hand  labor  required,  the  cost 
and  short  life  of  the  retorts,  and  the  complex  vacuum 
system  contribute  to  its  high  cost  of  operation.  Its  ad- 
vantages are  that  plants  using  it  can  be  built  quickly, 
the  principal  raw  materials  are  seldom  in  short  supply, 
and  it  does  not  consume  large  quantities  of  electricity. 

The  Manteca  plant  employed  hard-burned  dolomite 
from  the  Kaiser  plant  at  Natividad,  75  percent  ferro- 
silicon from  the  Kaiser  plant  at  Permanente,  and  acid- 
grade  fluorspar  from  Zuni,  New  Mexico.  Dolomite  w&s 
ground  to  80  percent  minus  100  mesh  and  ferrosilicon 
to  70  percent  minus  200  mesh  at  the  Manteca  plant 
and  then  mixed  with  fluorspar  in  an  automatic  batching 


plant.  The  mixture  contained  4.5  parts  of  dolomite,  1 
part  of  ferrosilicon,  and  2.5  percent  by  weight  of  fluor- 
spar. Briquette  machines  compressed  the  powder  into 
walnut-sized  pellets  without  binder,  and  the  pellets  were 
placed  in  paper  bags,  40  to  50  pounds  per  bag,  for 
charging  into  the  retorts. 

The  plant  contained  64  gas-fired  furnaces,  each  with 
16  horizontal  retorts  or  a  total  of  1024  retorts.  The  re- 
torts, which  were  cast  of  a  special  nickel-chromium  alloy 
steel,  were  10^  feet  long  by  10  inches  in  diameter.  They 
projected  approximately  2  feet  outside  the  furnace,  and 
this  portion  was  cooled  with  a  water  jacket.  Each  M-as 
equipped  with  a  l^-foot  sleeve  that  fitted  loosely  within 
the  water-cooled  section  and  served  to  collect  the  con- 
densed magnesium  vapor.  A  double-layered  plug  that 
fitted  into  the  end  of  the  sleeve  collected  any  alkali 
metal  liberated.  By  means  of  an  eye  in  the  alkali-metal 
collector,  the  sleeve  with  its  magnesium  crystals  could 
be  withdrawn  from  the  retort.  A  loosely  fittina-  metal 
heat  dam  placed  2  feet  from  the  mouth  protected  the 
sleeve  from  radiant  heat.  The  retorts  were  closed  with 
covers  fitted  with  rubber  gaskets.  Two  vacuum  systems 
served  the  retorts,  a  low  vacuum  system  provided  with  a 
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Figure  5.     Flow  sheet  of  Moss  Landing  plant,  Kaiser  Aluminum 
&  Chemical  Corporation,  Monterey  County. 

single  large  pump  of  the  reciprocating  type,  and  a  high 
vacuum  system  that  contained  both  Stokes  and  Kinney 
pumps.  One  pump  was  provided  for  every  four  retorts, 
and  all  pumps  were  served  by  a  common  oil  supply  and 
reconditioning  system. 

The  retorts  were  charged  and  unloaded  in  the  follow- 
ing manner.  Each  retort,  which  was  kept  continuously 


at  a  temperature  of  2140°  F,  was  charged  by  hand  with 
five  bags  of  pellets  and  left  open  for  about  15  minutes 
while  the  paper  burned  away  and  most  of  the  moisture 
was  driven  off.  Then  the  heat  dam  and  the  sleeve  with 
its  alkali-metal  collector  were  inserted,  the  retort  was 
closed  and  placed  on  low  vacuum,  26  inches  of  mercury, 
for  30  minutes  while  the  remaining  moisture  and  vola- 
tiles  were  drawn  off.  By  means  of  the  second  system  the 
vacuum  was  increased  to  100  to  150  microns  of  mercury 
and  maintained  for  9  hours.  Magnesium  condensed  as 
a  "muff"  of  coarse  crystals  on  the  inside  of  the  sleeve. 
About  35  pounds  of  magnesium  were  recovered  from 
each  retort  charge. 

After  the  retort  was  unsealed  the  sleeve  was  with- 
drawn. Any  alkali  metal  present  in  the  collector  ignited 
upon  contact  with  the  air.  If  more  than  0.1  percent 
alkali  metal  was  present  in  the  magnesium,  the  entire 
muff  ignited  and  could  be  extinguished  only  with  great 
difficulty.  The  muff  was  forced  from  the  sleeve  with  a 
hydraulic  press  and  carried  to  the  foundry  for  remelt- 
ing.  Residue,  still  in  pellet  form,  was  hand-shoveled  from 
the  retort,  and  the  retort  was  reloaded  at  once. 

Under  the  influence  of  the  high  temperature  and 
vacuum,  the  retorts  occasionally  collapsed.  They  were 
inflated  with  compressed  air  while  in  the  hot  furnace 
and  could  be  restored  several  times  in  this  way  before 
cracks  developed.  Retorts  were  taken  out  for  scrapping 
and  replaced  with  new  ones  without  shutting  down  the 
furnace. 

At  the  foundry  the  muffs  were  remelted  with  Dow 
230  flux  in  gas-fired  steel  pots.  The  pure  magnesium 
was  then  hand-ladled  from  the  pots  and  cast  into  17- 
pound  ingots  in  molds  mounted  on  a  conveyor.  The 
magnesium  produced  was  Grade  B  and  met  specification 
P-71  which  calls  for  99.8  percent  magnesium,  less  than 
0.02  percent  copper,  0.005  iron,  and  0.001  percent 
nickel.  Magnesium  ingots  can  be  stored  in  the  open  if 
circulation  is  present  to  keep  them  dry.  Inclusions  of 
magnesium  oxide,  especially  in  the  presence  of  moisture, 
are  centers  of  disintegration. 

Sludge  from  the  melting  pots  was  processed  for  the 
recovery  of  flux  and  magnesium  metal. 

Residue  from  the  retorts  consisted  of  dicalcium  sili- 
cate and  iron  oxide  with  some  magnesia,  free  lime,  and 
fluorine.  Although  the  composition  is  somewhat  similar 
to  that  of  Portland  cement,  no  use  has  been  found  for  it. 

The  South  San  Francisco  Plant.  The  plant  of  Ma- 
rine Magnesium  Products  Division  of  Merck  and  Com- 
pany, Inc.,  is  at  South  San  Francisco,  San  Mateo 
County.  Originally  called  the  Marine  Chemical  Company, 
this  organization  has  been  producing  high-purity  mag- 
nesium compounds  since  1928.  Relatively  small  quanti- 
ties of  high-priced  products  are  made,  and  raw  materials 
of  high  purity  are  consumed.  Raw  materials  are  calcined 
dolomite  and  sea  water  taken  from  San  Francisco  Bay 
near  the  plant.  Normally  the  bay  water  contains  the 
equivalent  of  roughly  2  grams  of  magnesium  oxide  per 
liter.  When  the  Sacramento  River  is  in  flood,  however, 
the  water  is  materially  diluted;  and  the  plant  feed  is 
enriched  with  salt-works  bittern. 

The  first  step  is  the  preparation  of  the  water.  Organic 
matter  is  killed  with  chlorine  gas,  and  dissolved  calcium 
carbonate  is  precipiated  with  a  small  quantity  of  cal- 
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,  iiied  dolomite.  Next  the  treated  water  is  filtered,  and 
mafjnesinm  hydroxide  is  precipitated  by  the  addition  of 
,1  largrer  quantity  of  calcined  dolomite.  The  precipitate 
1^  a  5,ninimy  slime  that  requires  special  and  elaborate 
haudling  for  the  removal  of  sodium  and  displaced  cal- 
.ium  salts  and  for  dewatering.  Depending  on  the  prod- 
uct desired,  the  magnesium  hydroxide  is  dried,  car- 
bonated, or  calcined. 

The  Chiila  Vista  Plant.  The  plant  of  Westvaco 
(  hemical  Division,  Food  Machinery  and  Chemical  Cor- 
poration at  Chula  Vista,  San  Diego  County,  produces 
magnesium  chloride.  Much  of  the  output  is  used  for 
magnesium  oxychloride  cement.  Bittern,  the  principal 
law  material,  is  obtained  from  the  adjoining  solar  salt 
plant  of  the  Western  Salt  Company  and  further  evap- 
orated by  the  use  of  heat.  Salt  and  carnallite  (KC1-- 
MgClo -61120)  that  crystallize  are  discarded,  and  mag- 
nesium chloride  is  obtained  by  concentrating  the 
nsidual  liquor. 

The  Newark  Plant.  Westvaco  Chemical  Division, 
I'ood  Machinery  and  Chemical  Corporation  produces 
magnesia,  bromine,  and  gypsum  from  bittern  in  a  large 
plant  at  Newark,  Alameda  County.  Bittern  is  obtained 
from  the  Leslie  Salt  Co.  during  the  short  salt  harvest- 
ing .sea.son  and  stored  in  ponds  large  enough  to  hold  a 
year's  supply.  Bromine  is  recovered  from  the  bittern 
li(>fore  further  processing.  The  bromine  operation,  which 
is  described  elsewhere  in  this  bulletin,  has  no  effect  on 
I  he  recovery  of  magnesia. 

An  essential  preliminary  step,  however,  is  the  re- 
moval of  sulfate,  which  is  accomplished  by  the  addition 
of  calcium  chloride-rich  end  liquor.  The  reaction  is  ear- 
lied  out  in  Pachuca  tanks.  The  gypsum  that  precipitates 
is  removed  with  Dorr  thickeners  and  dried.  It  is  a 
product  of  high  purity  that  finds  a  ready  market  as  a 
n'tarder  for  portland  cement  and  in  agriculture. 

The  sulfate-free  overflow  from  the  Dorr  thickeners, 
wliich  is  essentially  magnesium  and  sodium  chloride,  is 
icacted  with  calcined  dolomite.  Conditions  are  main- 
tained that  cause  a  granular  precipitate  of  magnesium 
'lydroxide  to  form.  Thickening  and  washing  are  carried 
out  in  a  series  of  five  Dorr  thickeners.  Depending  on  the 
product  desired,  silica,  alumina,  iron  oxide,  or  lime  is 
added,  and  the  hydroxide  is  calcined  in  rotary  kilns. 
.Vpproximately  half  of  the  output  is  periclase,  a  refrac- 
I  tory  magnesia  prepared  at  high  temperature;  the  re- 
I  maining  products  are  various  grades  of  caustic  calcined 
magnesia.  Dolomite  is  obtained  from  the  company's 
ipiarry  near  HoUister,  San  Benito  County,  and  calcined 
at  Newark. 

Uses.  Magnesium  metal  is  used  mostly  in  the  form 
of  high-magnesium  alloys  as  a  lightweight  structural 
material.  The  largest  application  is  for  military  aircraft, 
and  non-military  applications  are  still  in  the  develop- 
ment stage.  Nevertheless,  significant  amounts  are  used 
for  paper-mill  rolls,  portable  tools,  ladders,  hand  trucks, 
portable  ramps,  and  parts  of  calculating  machines  where 
light  weight  is  essential.  Structural  products  consumed 
27,742  tons  of  primary  magnesium  in  1952.  Non-struc- 
tural uses,  which  consumed  16,105  tons,  include  alumi- 
num and  other  alloj-s,  the  cathodic  protection  of  pipe- 
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Figure  6.     Flow  sheet  of  Newark  plant,  Westvaco  Chemical 
Division,  Alameda  County. 

lines,  chemical  uses,  scavenging  and  deoxidizing  in 
metallurgy,  and  the  reduction  of  titanium. 

Magnesium  oxide  is  one  of  the  principal  basic  refrac- 
tories used  for  lining  high-temperature  furnaces  and 
kilns.  The  oxide  as  well  as  other  magnesium  compounds 
have,  in  addition,  numerous  other  industrial  applica- 
tions such  as  for  thermal  insulation,  in  magnesium  oxy- 
chloride cement,  and  in  the  manufacture  of  rubber  and 
rayon.  About  85  percent  of  the  magnesium  compounds 
produced  in  the  United  States  is  marketed  for  re- 
fractory purposes. 

The  terminology  of  the  magnesium  oxide  compounds 
is  confused.  Magnesite  in  a  strict  sense  is  natural  mag- 
nesium carbonate  (MgCOs)  and  magnesia  is  magnesium 
oxide  (MgO).  Natural  magnesia  is  the  mineral  periclase. 
Calcined  magnesite  is  roughly  synonymous  with  mag- 
nesia because  by  heating,  magnesite  is  dissociated  into 
magnesia  and  carbon  dioxide  (MgCOs  +  heat  -^  MgO  -\- 
CO2).  In  practice  the  term  "calcined"  is  often  dropped, 
and  the  term  magnesite  commonly  means  magnesia  ob- 
tained by  the  calcination  of  the  mineral  magnesite  or 
of  some  other  magnesium  compound  such  as  the  natural 
or  synthetic  hydroxide  [Mg(0H)2]. 
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i'lc.i  ici.  7.  Photo  showing  press  for  forming  refractory  l)rick, 
Kaiser  Aluminum  &  Clieniical  Corporation,  Moss  Landing,  Mon- 
terey County. 


The  chemical  and  physical  properties  of  the  commer- 
cial magnesias  are  jjreatly  influenced  by  the  tempera- 
ture of  calcination.  Magnesias  fall  into  two  classes,  dead- 
burned  magnesite  and  caustic  calcined  magnesite.  Dead- 
burned  magnesites  are  produced  by  calcining  magnesium 
carbonate  or  magnesium  hydroxide  at  temperatures  of 
1560°  C  or  higher.  They  are  chemically  inert  and  con- 
tain from  2  percent  to  less  than  0.5  percent  carbon 
dioxide.  They  contain  various  proportions  up  to  15  per- 
cent of  iron  oxide,  silica,  alumina,  and  lime  present  as 
impurities  in  the  raw  material  or  added  to  the  kiln 
charge.  These  materials  act  as  fluxes  and  produce  a  sin- 
tered, granular  product.  Perielase  is  the  name  given  to 
a  dense  crystalline  magnesia  containing  over  90  percent 
MgO  with  silica  as  the  principal  additive.  It  is  obtained 
by  calcination  at  about  1760°  C,  and  today  most  peri- 
elase is  made  from  synthetic  magnesium  hydroxide. 

The  dead-burned  magnesites  are  used  for  refractory 
purposes.  Grain  magnesite  is  a  granular  material  com- 
posed of  iron-bearing,  dead-burned  magnesite  that  is 
used  for  the  construction  and  maintenance  of  furnace 
bottoms.  Basic  refractory  brick  for  furnace  walls  are 
made  from  dead-burned  magnesites,  especially  perielase, 
and  chromite.  The  steel  industry  consumes  about  5 
pounds  of  refractory  magnesia  for  each  ton  of  steel  pro- 
duced. Other  large  consumers  of  magnesia  refractories 
are  port  land  cement  plants,  copper  and  lead  smelters, 
and  the  magnesia  calcining  plants  themselves. 


Caustic  calcined  magnesite  is  produced  by  calcining 
magnesium  carbonate  or  magnesium  hydroxide  at  tem- 
peratures of  1200°  C  or  less.  It  contains  up  to  97  per- 
cent magnesium  oxide  and  1  to  5  percent  of  carbon 
dioxide  or  combined  water.  Like  calcium  oxide,  it  is 
chemically  active  and  slakes  in  water  and  air.  Iron  oxide, 
silica,  alumina,  and  lime  are  undesirable  diluents. 

Caustic  calcined  magnesite  has  broad  applications, 
and  commonly  products  of  particular  compositions  and 
properties  are  produced  for  the  use  of  specific  consumers. 
One  of  the  oldest  uses  is  in  magnesium  oxychloride  ce- 
ment. Finely  ground  caustic  calcined  magnesite  mixed 
with  a  20  percent  solution  of  magnesium  chloride  sets  in 
3  to  4  hours.  The  product  is  hard  and  strong,  can  be 
cut  and  polished,  and  can  receive  nails  or  screws.  Usu- 
ally sand,  sawdust,  or  other  filler  is  added.  The  compo- 
sition is  thought  to  be  3MgO-MgCl2 -71120.  Today  its 
largest  application  is  for  ship  decks  and  floors  of  rail- 
road cars. 

Caustic  calcined  magnesite  also  is  used  in  the  manu- 
facture of  rayon,  as  an  active  ingredient  in  rubber,  and 
as  an  adsorbent.  The  historic  magnesium  bisulfite  process 
for  producing  pulp  for  paper  has  been  revived,  because, 
in  contrast  M'ith  the  calcium  bisulfite  process,  the  waste 
liquor  can  be  disposed  of  comparatively  easily. 

Other  magnesium  compounds  that  have  commercial 
uses  include  the  hydroxide,  chloride,  sulfate,  and  car- 
bonate. In  California  magnesium  hydroxide  is  the  raw 
material  for  manufacturing  basic  magnesium  carbonate, 
but  elsewhere  in  the  United  States  it  is  made  from 
dolomite.  Basic  magnesium  carbonate  is  a  fluffy  material 
that  is  used  for  thermal  insulation.  Its  chemical  formula 
has  not  been  determined,  but  one  that  has  been  proposed 
is  that  of  the  mineral  hydromagnesite  [3MgO-Mg- 
(OH)2'3H20].  In  addition,  small  quantities  of  magne- 
sium hydroxide  are  used  as  pharmaceuticals. 

Magnesium  chloride  is  used  in  the  manufacture  of 
magnesium  oxychloride  cement,  as  a  ceramic  raw  mate- 
rial, and  for  the  sizing  of  paper.  Magnesium  metal  is 
produced  from  it  by  electrolysis. 

Magnesium  sulfate  is  a  fireproofing  and  sizing  agent. 
Epsom  salt  is  the  hydrate  MgSOi -71120. 

Magnesite  iii  still  the  world's  principal  source  of 
magnesia,  although  none  has  been  produced  in  California 
for  that  purpose  since  1945.  Almost  all  magnesite  is 
calcined  before  use.  Uncalcined,  it  is  one  of  several  raw 
materials  that  are  used  for  producing  magnesium  sulfate 
and  magnesium  chloride. 

Marketing.  Almost  all  the  dead-burned  and  caustic 
calcined  magnesite  produced  in  the  United  States  is 
manufactured  by  about  six  companies  that  have  devel- 
oped equipment  and  techniques  for  producing  magnesia 
on  a  large  scale.  Much  of  the  refractory  magnesia  pro- 
duced in  California  is  marketed  in  the  east,  although 
with  the  expansion  of  the  steel  and  portland  cement  in- 
dustries in  the  west,  California  magnesia  producers  are 
becoming  less  dependent  on  eastern  markets.  California 
producers  specialize  in  high-purity  products  such  as 
perielase  that  are  better  able  to  carry  transportation 
charges  than  such  products  as  grain  magnesite. 

Present  conditions  do  not  favor  the  mining  of  magne- 
site in  California.  Manufacturers  of  magnesia  in  tliis 
state  no  longer  use  natural  magnesite  because  of  its  vari- 
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■  able  composition  compared  with  sea-water  magnesia,  the 
listanee  of  the  deposits  from  markets,  and  increased 
•osts  of  mining.  The  steeply  dipping,  narrow,  discon- 
thiuous  ore  bodies  typical  of  the  California  deposits  are 
not  amenable  to  low  cost,  mechanized  mining  methods. 
Probably  all  of  the  known  developed  reserves  were  ap- 
^proaching  exhaustion  when  large-scale  mining  ceased. 
Certain  plants  in  California  that  produce  magnesium 
chemicals  still  consume  a  few  hundred  tons  per  year  of 
magnesite  from  the  Red  Mountain  district.  Because  of 
its  purity,  freedom  from  traces  of  objectionable  ele- 
ments, and  certain  physical  properties,  no  feasible  sub- 
stitute has  been  found. 

Magnesite  mined  by  Westvaco  Chemical  Division  and 
its  predecessors  from  the  Western  mine  and  the  Bald 
Eagle  mine  averaged  about  95  percent  MgCOs,  2  percent 
CaCCs,  and  3  percent  silica.  By  simple  methods  of  bene- 
fieiation  silica  could  be  reduced  to  less  than  1  percent. 
A  typical  analysis  of  benefieiated  magnesite  from  Chew- 
elah,  Washington,  follows  (Harness  1943,  p.  7)  : 
Component  Percent 

MgO     42.5 

Si02 4.2 

Fe^Os 0.96 

AlaOs    0.41 

CaO   2.76 

H2O    0.06 

CO2    48.6 

Prices.  In  1957  the  price  of  magnesium  metal  was 
about  36  cents  per  pound.  Dead-burned  grain  magnesite 
in  bulk  cost  $40.00  per  ton  f.o.b.  Chewelah,  Washington. 
The  price  of  kiln-run  90  percent  periclase  was  $57.00  per 
ton  in  bulk,  f.o.b.  Newark,  California;  and  the  price  of 
powdered  caustic  calcined  magnesia,  oxychloride  cement 
grade,  was  $75.00  per  ton  in  bags,  f.o.b.,  Newark,  Cali- 
fornia. Prices  for  uncalcined  magnesite  are  not  pub- 
lished. 

History  of  the  California  Magnesia  Industry.  The 
history  of  the  magnesia  industry  in  California  is  the 
development  of  three  separate  industries  that  produce 
similar  products  from  different  raw  materials.  In  the 
first,  magnesite  is  the  raw  material;  in  the  second,  bit- 
tern ;  and  in  the  third,  sea  water.  The  magnesite  industry 
land  the  bittern  industry  originated  in  the  late  19th  cen- 
tury as  unrelated  industries  that  were  coordinated  and 
merged  by  predecessors  of  Westvaco  Chemical  Division 
during  the  1930s  and  1940s.  The  sea-water  industry  was 
developed  by  Henry  J.  Kaiser  during  World  War  II. 

Magnesite.  The  magnesite  near  Porterville  was  ob- 
served and  described  by  W.  P.  Blake  in  1853,  but  the 
first  recorded  production  was  from  Cedar  Mountain, 
Alameda  County,  in  1886.  Ore  was  first  shipped  from  the 
Snowfiake  mine,  Napa  County,  in  1891,  and  from  the 
'White  Rock  mine,  Napa  County,  in  1894.  The  Red  Moun- 
tain district  was  opened  in  1899,  and  the  Harker  mine 
near  Porterville  was  first  worked  in  1900.  These  opera- 
tions were  small,  and  production  in  the  10  years  prior 
to  1915  totaled  just  under  80,000  tons.  In  those  days  the 
United  States  was  dependent  vipon  Europe  for  refrac- 
tory magnesite,  and  much  of  the  California  magnesite 
was  consumed  at  the  plant  of  the  Western  Carbonic  Acid 
Gas  Company  in  the  area  now  occupied  by  Emeryville. 
lAt  this  plant  caustic  calcined  magnesite  was  produced 
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in  a  shaft  kiln  and  shipped  to  pulp  mills  in  Oregon  that 
used  the  magnesium  bisulfite  process.  The  carbon  dioxide 
evolved  was  marketed  in  liquid  form.  In  addition,  a 
magnesite  brick  plant  was  in  operation  in  the  Bay  area 
in  1905. 

Around  1910,  cheaper  sources  of  carbon  dioxide  were 
developed,  although  the  paper  industry  remained  an  im- 
portant market  for  magnesia.  In  this  period  the  use  of 
magnesium  oxychloride  cement,  invented  in  Prance,  was 
growing  and  was  consuming  increasing  quantities  of 
California  magnesite. 

With  the  outbreak  of  war  in  Europe  in  1914  and  the 
cutting  oH  of  Austrian  magnesite,  steel  makers  turned 
in  desperation  to  California,  the  only  domestic  source  of 
magnesite.  The  few  producers  of  magnesite  in  California 
were  in  no  position  to  supply  the  demand,  and  there 
followed  a  wild  scramble  to  reopen  dormant  mines  and 
develop  new  deposits.  A  record  of  209,648  tons  was  pro- 
duced in  1917.  The  California  product  was  expensive 
because  of  the  distance  to  the  eastern  steel  mills.  More- 
over the  quality  was  poor  because  few  people  understood 
the  requirements  of  good  refractory  magnesia,  the  effects 
of  silica,  iron,  and  lime  in  the  ore,  or  the  proper  cal- 
cination conditions.  The  market  vanished  before  these 
problems  were  fully  solved.  Shipments  of  magnesite 
from  the  Chewelah  area  in  Washington,  which  closely 
resembles  that  from  Austria,  began  in  1916 ;  and  with 
the  resumption  of  imports  when  peace  was  declared, 
California  was  left  with  only  a  local  market  for  refrac- 
tory magnesite.  For  perhaps  20  years  most  of  the  Cali- 
fornia magnesite  was  used  in  the  manufacture  of 
oxychloride  cement,  for  which  it  is  particularly  suited. 

The  seeds  of  the  modern  California  magnesite  indus- 
try were  sown  in  World  War  I,  however,  particularly 
in  the  Porterville  district,  which  had  yielded  more  than 
half  the  magnesite  mined  during  the  war.  In  1920  the 
National  Kellestone  Company,  a  large  manufacturer  of 
oxychloride  cement,  organized  the  Sierra  Magnesite 
Company  to  furnish  its  requirements  of  caustic  calcined 
magnesite.  The  largest  deposits  and  plants  in  the  Por- 
terville district  were  acquired.  A  method  of  beneficiat- 
ing  crude  magnesite  by  screening  out  silica-rich  fines 
was  developed,  the  rotary  kiln  was  adapted,  calcining 
techniques  and  methods  of  control  were  worked  out,  and 
for  the  first  time  artificial  periclase  was  produced  from 
magnesite  in  the  rotary  kiln.  Previously  periclase  had 
been  prepared  by  the  fusion  of  dead-burned  magnesite 
in  the  electric  furnace. 

In  addition  to  the  Sierra  Magnesite  Company,  a  few 
other  companies  produced  magnesite  in  California  after 
World  War  I.  C.  S.  Maltby  Company  Ltd.  operated  the 
Western  mine  from  1919  to  1931,  the  Snowflake  and 
Blanco  mines  in  1923  and  1924,  and  the  Sampson  Peak 
mine  from  1923  to  1926.  The  California  Magnesia  Com- 
pany worked  the  Harker  mine  from  1923  to  1926,  and 
the  California  Magnesite  Company  operated  the  Red 
Mountain  mine  intermittently  between  1922  and  1932. 
In  1941  the  Magnesite  Products  Company  worked  the 
Red  Mountain  mine  and  the  Gray  Eagle  mine,  Tuolumne 
County,  on  a  small  scale. 

The  Sierra  Magnesite  Company  acquired  the  Bald 
Eagle  mine  to  replace  the  depleted  deposits  at  Porter- 
ville which  were  last  worked  in  1931.  Production  from 
the  new  mine  began  in  1930.  In  1932  the  Western  mine 
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and  other  properties  in  the  Red  Mountain  district  were 
leased.  In  1934  the  Sierra  Magnesite  Company  and  the 
California  Chemical  Corporation,  another  subsidiary  of 
the  National  Kellestone  Company,  were  merged  to  form 
the  California  Chemical  Company;  and  early  in  1937 
the  latter  passed  into  the  hands  of  Westvaco  Chlorine 
Products  Corporation.  Despite  the  increasing  impor- 
tance of  bittern  as  a  source  of  magnesium  compounds 
that  these  changes  of  name  imply,  magnesite  was  con- 
sumed in  large  amounts  through  World  War  II.  West- 
vaco Chlorine  Products  Corporation  and  Kaiser  interests 
formed  a  new  Sierra  Magnesite  Company  in  1941  to 
work  deposits  of  magnesite  and  brucite  near  ■  Luning, 
Nevada.  Ore  from  this  operation  replaced  that  from  the 
Bald  Eagle  mine,  which  was  worked  out  in  1944.  As 
already  mentioned,  the  Western  mine  was  virtually 
closed  in  1945.  Westvaco  relinquished  the  lease  on  the 
property  about  1953,  and  the  Nevada  operation  also  has 
been  closed. 

Bittern.  The  large-scale  recovery  of  magnesium  com- 
pounds from  bittern  has  developed  within  the  past  25 
years.  In  1880,  however,  the  Union  Pacific  Salt  Company 
was  producting  magnesium  carbonate  at  the  rate  of 
50,000  pounds  per  year  by  carbonating  bittern  near 
Alvarado.  The  product  was  used  by  the  Hercules  Pow- 
der Company  as  an  absorbent  in  the  manufacture  of 
dynamite.  The  manufacture  of  oxychloride  cement  cre- 
ated a  market  for  magnesium  chloride,  and  at  least  some 
of  it  was  obtained  at  San  Diego  Bay  prior  to  the  failure 
of  the  Otay  dam  in  1916.  The  resulting  flood  destroyed 
both  the  magnesium  chloride  plant  and  the  salt  works. 
Although  the  salt  works  was  rebuilt,  bittern  salts  were 
not  produced  for  a  number  of  years. 

The  shortage  of  chemicals  during  World  War  I  cre- 
ated a  new  interest  in  bittern,  and  several  plants  were 
built  that  employed  a  process  similar  to  that  now  used 
by  Westvaco  Chemical  Division  at  Chula  Vista.  Most 
of  the  plants  produced  magnesium  chloride  in  either 
liquid  or  solid  form,  and  a  few  of  them  recovered  mag- 
nesium sulfate  and  potassium  chloride  also.  Production 
by  the  Oliver  Salt  Company  at  Mount  Eden,  Alameda 
County,  and  the  Marine  Chemical  Company  at  Long 
Beach,  Los  Angeles  County,  began  in  1916.  The  Whit- 
ney Chemical  Company,  a  subsidiary  of  the  Leslie  Salt 
Refining  Company  at  San  Mateo,  followed  in  1917 ;  and 
in  1919  the  California  Chemical  Company  began  pro- 
duction at  Chula  Vista,  San  Diego  County. 

The  National  Kellestone  Company,  whose  subsidiary 
the  Sierra  Magnesite  Company,  was  successfully  operat- 
ing at  Porterville,  decided  to  enter  the  magesium  chlo- 
ride field.  A  second  subsidiary,  the  California  Chemical 
Corporation,  was  organized  in  1923,  and  the  plant  of 
the  California  Chemical  Company  at  Chula  Vista  was 
purchased.  A  much  larger  plant  was  built  and  is  still 
in  operation.  The  management  of  the  California  Chem- 
ical Company  then  built  another  plant  at  Newark, 
Alameda  County,  and  operated  it  under  the  name  of 
the  Industrial  Chemical  Corporation  until  1927. 

After  World  War  I,  when  magnesium  chloride  from 
Germany  was  available  again,  the  California  plants 
operated  at  a  disadvantage.  By  1928  all  but  the  Cali- 
fornia Chemical  Corporation's  plant  at  Chula  Vista 
had  been  closed.  Then  the  California  Chemical  Corpora- 
tion arranged  long-term  contracts  for  bittern  with  the 


salt  companies  on  San  Francisco  Bay  and  purchased  tln' 
small  plant  of  the  Industrial  Chemical  Corporation  :it 
Newark. 

Because  the  market  for  magnesium  chloride  was  lim- 
ited, research  was  initiated  on  the  problem  of  recover! iij;' 
additional  magnesium  compounds  from  bittern.  The  prr- 
cipitation  of  magnesium  hydroxide  from  bittern  and  tin' 
calcination  of  San  Francisco  Bay  shells  to  form  tlic  ■ 
lime  required  were  studied  at  Porterville.  The  calcina- 
tion of  shells  was  further  studied  in  a  small  plant  at 
Newark  that  began  the  commercial  production  of  linif 
in  the  fall  of  1930.  A  pilot  plant  was  then  built  at  New- 
ark in  which  magnesium  hj-droxide  precipitated  from 
bittern  with  lime  could  be  carbonated  to  make  basi,- 
magnesium  carbonate  or  calcined  to  make  magnesia.  In 
February  1937,  soon  after  the  operation  was  acquiiiMl 
by  Westvaco  Chlorine  Products  Corporation,  construr- 
tion  began  on  the  plant  at  Newark,  which  is  still  in  op- 
eration. The  production  of  magnesia  from  precipitati'l 
magnesium  hydroxide  brought  a  host  of  new  problems. 
and  natural  magnesite  was  used  for  some  purposes  until 
about  1951.  Calcined  dolomite  was  substituted  for  slidU  < 
as  the  precipitating  agent  in  1947.  In  1948  the  Westva^ d 
Chlorine  Products  Corporation  became  the  Westva^  i, 
Chemical  Division,  Food  Machinery  &  Chemical  Cor 
poration. 

The  Plant  Rubber  and  Asbestos  Company  at  Redwood 
City,  San  Mateo  County,  also  produced  magnesia  fiMin 
bittern  between  1933  and  1941.  In  this  operation  niat:- 
nesium  hydroxide  was  precipitated  with  crude  soda  ash 
made  by  calcining  trona  and  converted  to  basic  maii- 
nesium  carbonate.  After  the  salt  plant  from  which  tin- 
bittern  came  was  closed.  Plant  Rubber  and  Asbestos 
Company  purchased  magnesium  hydroxide. 

Sea  Water.  The  world's  first  commercial  production 
of  magnesium  compounds  from  sea  water  was  obtainrd 
in  1928  at  South  San  Francisco.  Relatively  small 
amounts  of  high  priced  compounds  such  as  milk  of 
magnesia  were  produced  by  the  Marine  Chemical  Com- 
pany, which  since  1951  has  been  the  Marine  Magnesium 
Products  Division  of  Merck  &  Company,  Incorporated. 
The  Henry  J.  Kaiser  interests,  which  now  operate  the 
much  larger  Moss  Landing  plant,  entered  the  magnesia 
field  by  way  of  the  magnesium  metal  industry. 

In  the  period  from  1939  to  1941,  when  war  was  im- 
minent, the  anticipated  military  demand  for  magnesium 
was  far  above  existing  plant  capacities.  In  order  to  in- 
crease production,  the  Federal  Government  first  encour- 
aged private  industry  by  helping  to  finance  new  con- 
struction. In  California,  Henry  J.  Kaiser  interests 
formed  the  Permanente  Metals  Corporation  and  built 
a  thermal  magnesium  reduction  plant  at  Permanente  in 
1941.  Production  began  late  the  same  year,  although  the 
output  remained  small  throughout  1942.  The  Govern- 
ment then  built  13  additional  plants  that  used  various 
processes,  and  all  but  one  were  brought  into  production! 
during  1942.  One  of  these  plants  was  at  Manteca,  Sam 
Joaquin  County;  and  it  was  operated  for  the  Govern- 
ment by  Permanente  Metals  Corporation. 

The  plant  at  Permanente,  which  was  the  only  one  of 
its  kind  in  the  United  States,  employed  a  modified 
Hansgirg  carbothermic  process.  A  mixture  of  magnesia 
and  finely  divided  carbon  was  fed  into  an  arc  furnace 
where  the  magnesia  was  reduced  to  magnesium  vapor, 
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Tliis  hot  vapor  tended  to  reoxidize  explosively;  but  by 
shock  cooling  in  a  reducing  gas,  a  large  part  of  it  could 
lie  recovered  as  magnesium  dust.  The  original  Hansgirg 
process  employed  hydrogen,  but  the  Permanente  plant 
iinployed  the  natural  gas  that  was  required  for  firing 
the  kilns  of  the  adjacent  portland  cement  plant.  The 
magnesium  dust  was  either  used  to  fill  large  incendiary 
liombs  or  briquetted  and  distilled  to  produce  magnesium 
ingots. 

It  had  been  contemplated  that  the  magnesia  required 
.it  Permanente  would  be  produced  from  magnesite.  As 
111  ready  related.  Kaiser  and  Westvaeo  interests  formed 
I  he  Sierra  Magnesite  Company  in  1941  to  mine  brucite 
,iiid  magnesite  in  Nevada.  Permanente  Metals  Corpora- 
I  ion  produced  dead-burned  magnesite  at  San  Jose  in 
l!t42  and  1943,  but  much  if  not  all  of  the  magnesia  used 
initially  at  Permanente  was  produced  at  Newark  from 
liittern  by  Westvaeo  Chlorine  Products  Corporation.  In 
order  to  obtain  its  own  source  of  magnesia,  Permanente 
.Metals  Corporation  built  the  sea  water  plant  at  Moss 
Lauding  that  is  still  in  operation.  Production  began  late 
ill  1942. 

In  1943,  when  the  magnesium  plants  throughout  the 
i'uited  States  were  approaching  capacity  production,  it 
liccame  apparent  that  the  military  demand  was  not  as 
large  as  had  been  anticipated.  Production  was  therefore 
gradually  curtailed.  The  Manteca  plant  was  closed  in 
May  1944  and  placed  on  a  standby  basis.  The  plant  at 
Permanente  operated  through  1945  and  was  dismantled 
ill  1947.  Permanente  Metals  Corporation,  now  Kaiser 
Aluminum  &  Chemical  Corporation,  has  developed  mar- 
kets to  absorb  the  magnesia  products  produced  at  the 
A  loss  Landing  plant,  and  the  capacity  has  been  substau- 
I  ially  increased. 
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MANGANESE  * 


By  Fenelon  F.  Davi 


Manganese-bearing  rocks  are  widely  distributed 
throughout  California.  Deposits  in  more  than  700  loeali- 
lics  in  44  counties  have  been  prospected  and  about 
one-fourth  of  these  deposits  have  yielded  ore.  Manganese 
(ire  was  first  mined  in  California  in  1867  and  since  that 
I  late  deposits  in  the  state  have  yielded  an  estimated 
•_'();i,000  short  tons.  Nearly  nine-tenths  of  this  production 
was  made  during  World  Wars  I  (1914-19)  and  II 
(1941-45),  and  during  the  Korean  and  post-Korean  war 
period  (1952-55)  when  prices  were  higher  and  grade 
requirements  were  lower  than  in  peacetime. 

The  price  of  manganese  ore  declined  following  the 
termination  of  World  War  II  in  1945,  and  only  a  token 
production  was  reported  in  California  from  1946  through 
1951.  As  the  specifications  for  metallurgical -grade  ore 
also  were  re-established  at  a  minimum  manganese  content 
of  40  percent,  the  lower-grade  ores  from  California  de- 
posits were  no  longer  in  demand. 

A  program  designed  to  develop  and  produce  battery- 
grade  manganese  ore  was  initiated  at  the  Ladd  mine  in 
San  Joaquin  County  during  1951.  Production  from  this 
mine  continued  until  the  end  of  1954. 

Manganese  ore  from  numerous  deposits  throughout  the 
state  also  was  shipped  intermittently  from  1952  to  1955 
to  the  U.  S.  Government  stockpiles  at  Wenden,  Arizona, 
and  Deming,  New  Mexico.  These  stockpiles  were  estab- 
lished under  a  program  designed  to  encourage  the  pro- 
duction of  low-grade  domestic  manganese  ore  with  a 
manganese  content  in  the  15  to  40  percent  range.  The 
deposits  in  California  that  contributed  to  this  program 
were  mostly  in  Imperial,  Riverside,  and  San  Bernardino 
Counties.  High-grade  domestic  manganese  ores  (40-|- 
pereent  Mn)  also  were  purchased  by  the  U.  S.  Govern- 
ment under  a  carload-lot  program  which  ran  concur- 
rently. Such  purchases  are  made  at  the  railroad  shipping 
point  nearest  the  mine.  The  high-grade  program  has  been 
extended  to  January  1,  1961. 

An  all-time  peak  production  of  37,747  short  tons  of 
manganese  ore  valued  at  $1,543,949  was  reported  from 
California  in  1954.  This  output  included  ores  ranging 
from  15  to  50  percent  manganese.  The  quota  of  the  two 
stockpiles  was  filled  in  1955  and  production  declined 
immediately. 

In  1954  shipments  of  manganese  ore  from  domestic 
mines  in  the  United  States  also  reached  the  high  point 
of  206,128  short  tons.  The  extent  to  which  this  produc- 
tion fell  short  of  domestic  requirements  is  indicated  by 
the  consumption  and  general  import  figures  for  the  same 
year.  In  1954  domestic  consumption  was  reported  at 
1,740,648  short  tons  and  general  imports  at  2,166,147 
short  tons  (DeHuff,  1956). 

Mineralogy.  Manganese  is  a  primary  but  minor  con- 
stituent of  all  igneous  rocks.  It  is  the  sixteenth  most  com- 
mon element  in  the  earth's  crust,  but  because  of  its 
affinity  for  oxygen  does  not  occur  naturally  in  the  me- 
tallic state.  The  most  abundant  and  the  principal  man- 
ganese ore  minerals  are  oxides,  but  manganese-bearing 
silicates  and  carbonates  also  are  common.  An  accurate 

•  Extracted  in  part  from  a  section  prepared  by  Richard  A.  Crippen, 
Jr.,  California  Div.  Mines  Bull.  156. 


identification  of  manganese  minerals  in  the  field  is  diffi- 
cult because  many  of  them  resemble  each  other,  ordinar- 
ily are  intimately  associated,  and  commonly  have  altered 
from  one  another.  The  weight  of  the  minerals  (average 
specific  gravity  of  oxides  4.5),  and  the  ease  with  which 
they  alter  to  black,  sooty  oxides,  are  the  principal  means 
of  distinguishing  manganese  minerals  from  other  rocks. 

The  principal  manganese  oxides  are  pyrolusite 
(Mn02),  psilomelane  (BaMn90i8-2Il20?),  hausmannite 
(Mn304),  manganite  (Mn20.!-H20),  and  braunite 
(3Mn20.s-MnSi02).  Pyrolusite,  with  a  hardness  usually 
of  1  to  3,  is  a  black,  sooty  mineral  which  crystallizes  with 
a  fibrous  structure.  Psilomelane  has  a  hardness  usually 
of  5  to  6,  is  also  black,  and  crystallizes  with  a  botryoidal 
structure.  Hausmannite,  which  is  5  to  5^  in  hardness, 
brownish-black,  and  shows  a  brown  streak,  occurs  in 
compact  masses  that  occasionally  have  been  discarded  as 
chert.  Manganite,  with  a  hardness  of  4,  is  a  gray  to  black 
mineral  with  a  brown  streak.  It  is  easily  identified  where 
it  occurs  as  prismatic  crystals  or  needles.  Braunite  is  6 
to  6i  in  hardness,  with  brownish  black  color  and  streak. 
It  crystallizes  in  small  pyramids  and  occurs  with  sili- 
ceous minerals.  Wad  is  a  soft,  hydrous,  impure  mixture 
of  manganese  oxides  and  clay  of  low  specific  gravity. 

Rhodochrosite  (MnCOa),  a  manganese  carbonate,  is 
the  principal  primary  manganese  mineral  in  the  Coast 
Ranges  of  California.  It  commonly  occurs  as  a  granular 
mineral  colored  white,  gray,  or  pale  pink,  with  a  white 
streak.  Although  its  hardness  is  only  4.0,  it  is  dense  and 
tough  where  fine  grained. 

Rhodonite  (MnSiO:)),  a  manganese  silicate,  is  the  prin- 
cipal primary  manganese  mineral  in  the  Sierra  Nevada 
and  in  the  Klamath  Mountains.  It  has  a  hardness  of  6,  a 
vitreous  luster  and  crystallizes  with  a  bladed  structure. 
It  is  similar  to  rhodochrosite  in  color  (pink),  streak,  and 
specific  gravity  (3.5).  Other  manganese  silicates  include: 
bementite  (5MnO -48102 -31120),  a  waxy,  yellow-brown 
mineral  with  hardness  of  4  to  6;  neotocite  (MnO-Si02- 
nH20),  a  shiny,  yellow  to  black  manganiferous  opal; 
spessartite  (Mn3Al2-Si:{Oi2),  a  hard  (6.5),  vitreous, 
brown  garnet  which  occurs  in  small  dodecahedral  crys- 
tals. 

Geologic  Occurrence.  Igneous  rocks  and  magmatie 
solutions  are  the  primary  source  of  manganese  (Jenkins 
and  others,  p.  24,  1943).  Although  a  small  tonnage  of 
manganese  ore  has  been  produced  from  hydrothermal 
vein  deposits  in  the  western  United  States,  most  of  the 
primary  manganese  minerals  are  not  sufficiently  concen- 
trated to  form  ore.  The  large  ore  deposits  throughout 
the  world  are  associated  with  sedimentary  rocks  and  the 
ore  minerals  are  often  of  secondary  origin.  They  rep- 
resent the  oxidation,  solution,  and  redeposition,  or 
hydrothermal  alteration  of  the  original  manganese-bear- 
ing minerals.  Some  of  the  hydrothermal  and  sedimentary 
deposits  have  been  metamorphosed  so  that  manganese 
silicate  such  as  rhodonite  and  spessartite  have  formed. 
Manganese  ore  has  been  mined  only  from  the  oxidized 
parts  of  metamorphic  deposits,  because  the  silicates  do 
not  constitute  commercial  sources  of  manganese. 
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OBEG 0  N 


MANGANESE     MINES 

IN 

CALIFORNIA 


OVER      40,000      TONS 

1  LAOO 

20,000    TO    40,000    TONS 

2  BUCKEYE 

3  PIONEER    (TOLBARD  ) 

5,000   TO  20,000    TONS 

4  BLACKJACK 
NEW     DEAL 

6  LANGDON 

7  FOSTER     MTN 

8  BLUE      JAY 

2,000   TO  5,000   TONS 

9  THOMAS     MTN 
FT    SEWARD 
HALE    CREEK 
LIBERTY 
WELCH 

FORT    BAKER 
MANGANESE     CANYON 
LINSER 
BIG     REEF 


YEE   LIM 
CUMMINGS 

20  FABIN 

21  MANGANESE     KING 

1,000  TO  2,000  TONS 

22  KELLER 

23  MAHONEY 
SO,  THOMAS 
MT,    HOUGH 
BRAITO 
CAMP    9 
TIPTOP 


•       I     TO      1,000    TONS 


AREA  UNDERLAIN  BY 
MESOZOIC  FRANCISCAN 
ROCK-GROUP    BASEMENT 

AREA    UNDERLAIN     BY 
GRANITIC    AND   PRE  -  FRANCISCAN 
METAMORPHIC    ROCK  BASEMENT 

ROCK    COMPLEX     OF    THE     MOJAVE 
DESERT    AND    BASIN-RANGES 

GEOMORPHIC     PROVINCE 
BOUNDARIES 

DISTRICT  NAMES  ARE 
PRINTED     ON     MAP 


ROADS  21  '/  ' 


o"^^^- 


FIOUBE  1.     Map  of  California  showing  manganese  mines. 
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FiGURK  2.     Chart  showing  production  of  manganese  ore  in  Cali- 
fornia and  in  the  United  States. 

The  principal  manganese  deposits  of  India,  the  chief 
exporter  of  manganese  to  the  United  States  during  1955, 
are  in  the  Nagpier-Balaghat  districts  of  the  central 
provinces.  According  to  Sully  (1955)  the  ores  consist 
of  a  mixture  of  psilomelane  and  braunite  which  occurs 
in  large  bodies.  The  Hirapur  part  of  the  Balaghat  de- 
posit is  described  as  40  to  50  feet  thick,  400  feet  wide, 
and  If  miles  long.  The  best  grade  ore  averages  50  to  54 
percent  manganese,  6  to  8  percent  iron,  and  6  to  8  per- 
cent silica.  Reserves  in  the  Central  Provinces  have  been 
estimated  at  15  to  20  million  tons  of  best  grade  ore 
(40  to  54  percent  manganese)  and  several  times  that 
quantity  of  ore  containing  30  to  40  percent  manganese. 

Russia,  the  principal  exporter  of  manganese  to  the 
United  States  prior  to  1942,  also  contains  large  deposits. 
These  are  mostly  near  Tchiaturi,  Georgia,  in  the  Cau- 
casian Range,  and  near  Nikopol  on  the  Dnieper  River. 
A  pyrolusite  deposit  on  the  Mazul  River  in  western 
Siberia  is  described  by  Sully  (1955)  as  120  feet  thick  in 
places,  with  a  manganese  content  up  to  47  percent  and 
reserves  of  1.6  million  tons. 

Most  of  the  commercial  concentrations  of  manganese 
in  California  are  of  sedimentary  origin.  (Jenkins  and 
others,  1943,  p.  56).  Many  of  the  deposits  have  been 
subsequently  metamorphosed  and  have  yielded  very 
little  ore.  Manganese  in  the  state  also  has  been  mined 
from  fissure  and  replacement  deposits  of  hydrothermal 
origin. 

In  California,  most  of  the  unmetamorphosed  manga- 
nese deposits  of  sedimentary  origin  occur  in  chert  of 
the  Franciscan  (Upper  Jurassic?)  formation  which  is 
widely  exposed  in  the  Coast  Ranges.  They  are  similar 
in  their  general  features  and  are  known  collectively  as 
deposits  of  the  "Franciscan  type."  Franciscan  chert  is 
ordinarily  thinly  layered  with  shaly  partings,  but  it 
locally  forms  large  massive  lenses.  These  lenses  com- 
monly contain  valuable  manganese  concentrations.  Some 
deposits  are  in  red  chert,  but  most  of  the  larger  bodies 
are  in  white,  greenish,  or  buff  chert.  The  ore  bodies  gen- 
erally resemble  elliptical  pancakes  in  shape,  and  most 
are  less  than  200  feet  in  maximum  diameter.  The  largest 
known  ore  body  of  this  type  in  California,  that  at  the 
Ladd  mine  in  San  Joaquin  County,  was  800  feet  long. 


The  larger  bodies  generally  contain  cores  of  massive 
ore  which  grade  into  disseminated  ore  near  the  edges. 
Rhodochrosite  and  manganese  silicate  (bementite?)  are 
the  principal  primary  minerals  (Jenkins  and  others,  p. 
57,  1943).  These  minerals  have  been  altered  to  form 
"black  oxide"  ore  through  depths  of  as  much  as  200  feet. 

The  Franciscan  ore  bodies  and  the  associated  chert 
probably  were  deposited  in  ocean  basins  of  restricted 
circulation.  Although  the  source  of  the  silica  and  manga- 
nese has  been  a  matter  of  dispute,  the  workers  whose 


TYPES     OF      CALIFORNIA      MANGANESE     DEPOSITS 


COAST 

SEDIMENTARY 


RANGE    FRANCISCAN 

TYPE,    ENCLOSED    IN    CHERT 
I  OXIDE   ORE-    DEPTH   OF  OXIDATION 
APPROX.  IO-200FT.   LENSES   COM- 
MONLY   lO-ZOO  FT.   LONG 


■PRIMARY  ORE:   RHODOCHROSITE,, 
HYDROUS    MANGANESE    SILICATES.  (BEMENTITE,  NEOTOCITE) 


SIERRA   NEVADA 

METAMORPHOSED     SEDIMENTARY   TYPE 

OXIDE    ORE:    USUALLY    SHALLOW, 
■  OXIDATION   FROM 
EW  INCHES    TO  30  FT. 
0  200  FT. 
LONG. 


PRIMARY  ORE:   RHODONITE    8  SPESSARTITE 


MOJAVE   DESERT  and   BASIN-RANGES 
FISSURE    TYPE 


-  FAULT  BRECCIA   CEMENTED,  IMPREGNATED 
^ND    REPLACED  WITH    MANGANESE    OXIDE. 
\pEPOSITS    DEPTH,  10-100  FT.  OR  MORE. 


Woll   rock:    commonly 
volconics  or    bedded   frog- 
mentoi    deposits 

\>'   y   X 

MANGANESE  OXIDE  ^     X     x 
(CHIEFLY   HARD   BLACK  OXIDES)  1 
GRADES  DOWNWARD   IN  PLAC 
INTO    VEINS  OF    CALCITE 

"     X     X     X  BLACK   OXIDES? 


Figure  3.     Generalized   geologic   cioss-.seotions    showing    types   of 
California  manganese  depcsits.  After  Jenkins,  l!)!f3. 
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CALIFORNIA     MANGANESE     ORE    PRODUCTION    BY  COUNTIES 
THOUSANDS         OF         SHORT        TONS 
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TOTAL     PRODUCTION     OVER    240,000    SHORT   TONS 


>  UNDER    100   TONS    EACH 


Figi:rf.  4.     ("hart  showing  California  manganese  ore  production,  by  counties,  1.SS7-1U54. 
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studies  have  been  the  most  comprehensive  favor  the  con- 
cept that  silica,  manganese,  and  iron  were  precipitated 
simultaneously,  and  that  they  are  of  submarine  volcanic 
origin  (Taliaferro  and  Hudson,  1943;  Taliaferro,  1943). 

Metamorphosed  sedimentary  manganese  deposits  are 
widespread  throughout  the  Sierra  Nevada  and  are  con- 
fined to  rocks  of  the  Calaveras  (Paleozoic)  and  Amador 
(Jurassic)  groups.  Some  deposits  of  this  area  have 
undergone  only  moderate  dynamic  metamorphism ; 
others,  roof  pendants  in  granodiorites,  have  been  in- 
tensely metamorphosed.  Previous  to  metamorphism,  these 
deposits  appear  to  have  been  identical  with  the  sedi- 
mentary manganese  deposits  of  the  Coast  Ranges.  During 
metamorphism  the  manganese  carbonate  has  been  re- 
crystallized  ;  siliceous  manganif erous  substances  have 
formed  rhodonite  and  spessartite.  The  depth  of  oxida- 
tion is  generally  very  shallow  and  most  of  the  deposits 
are  currently  of  little  economic  importance. 

At  numerous  localities  in  the  desert  regions  of  south- 
eastern California,  ore  shoots  of  manganese  oxides  have 
formed  in  fissures  that  cut  fanglomerate,  volcanic  rocks, 
limestone,  and  granite.  Most  of  the  deposits  consist  of 
brecciated  zones  cemented,  impregnated,  and  partly  re- 
placed by  manganese  oxide. 

"These  shoots  range  from  a  few  feet  to  500  feet  in 
length,  and  from  a  few  inches  to  ten  feet  in  width.  The 
general  depth  of  mineralization  is  unknown.  In  some 
places  it  goes  as  deep  as  100  feet,  in  others  less  than 
ten  feet.  The  ore  consists  principally  of  hard  manganese 
oxide,  similar  to  psilomelane,  but  soft  oxide  and  a 
radiating  mineral  reported  to  be  manganite  are  present. 
Many  of  the  deposits  contain  veins  of  white  calcite 
which  are  clearly  later  than  the  manganese.  The  average 
manganese  content  of  the  deposits  mined  is  from  15  to 
30  percent.  The  hard  oxide  can  be  hand-sorted  in  some 
places  to  give  a  product  containing  40  to  45  percent  of 
manganese"  (Jenkins,  1943,  p.  61). 

In  California,  manganese  also  occurs  in  very  low- 
grade  bedded  deposits,  in  replacement  deposits,  in 
manganiferous  iron  deposits,  and  in  superficial  deposits 
of  several  types.  Most  of  these  deposits  are  too  small  or 
too  low  grade  to  be  of  commercial  importance. 

Localities  in  California.  Production  .has  been  re- 
corded from  about  170  of  the  675  manganese  localities 
described  in  California  Division  of  Mines  Bulletin  152. 
Sixty  percent  of  the  manganese  ore  production  in  Cali- 
fornia has  been  obtained  from  deposits  in  the  Coast 
Ranges.  These  are  grouped  largely  in  four  areas:  (1) 
the  Diablo  Range  south  and  southwest  of  Tracy  in  San 
Joaquin,  Stanislaus,  Santa  Clara,  and  Alameda  Coun- 
ties; (2)  the  Mad  River  Valley  area  in  southern  Hum- 
boldt and  Trinity  Counties;  (3)  east-central  Mendocino 
County  and  the  adjoining  part  of  Lake  County;  and 
(4)  the  western  part  of  San  Luis  Obispo  County.  About 
13  mines  in  these  areas  have  each  yielded  more  than 
1.000  tons  of  manganese  ore  each. 

The  mines  in  the  Ladd-Buckeye  area  south  of  Tracy 
have  accounted  for  60  percent  of  the  manganese  ore 
production  from  Coast  Ranges  deposits,  or  over  one- 
third  of  the  total  output  of  the  entire  state.  The  area 
oon.stitutes  a  northwest-trending  strip  12  miles  long  and 
-  to  4  miles  wide  on  the  western  flank  of  Corral  Hollow. 
It  includes  four  mines  centered  around  the  Ladd  mine 


Figure  5. 


I.iiwcr  itdit  portal  and  upper  surface  workings  at  the 
Ladd  mine,  San  Joaquin  County. 


in  San  Joaquin  County  and  10  mines  clustered  near  the 
Buckeye  on  the  north  slope  of  Mount  Oso  in  Stanislaus 
County.  The  central  part  of  the  strip  has  been  unpro- 
ductive. 

The  manganese  deposits  occur  in  chert  lenses  in  a 
northwest-trending  belt  of  rocks  of  the  Franciscan  group 
which  are  more  than  10,000  feet  thick  in  this  area 
(Tra.sk,  1950).  This  group  consists  chiefly  of  massive 
sandstone  beds  separated  by  thin  beds  of  shale ;  but  also 
includes  chert  lenses,  conglomerate  lenses,  greenstone, 
schist,  and  serpentine. 

Interbedded  with  the  shale  and  sandstone  beds  are 
chert  lenses  whose  thickness  varies  markedly  along  the 
strike.  Thick  zones  of  chert  lenses  occur  at  both  the 
Ladd  and  Buckeye  mines  and  a  much  thinner  chert  zone 
is  in  the  intervening  area.  The  thickness  of  the  man- 
ganese ore  zones  in  the  area  vary  directly  with  the  thick- 
ness of  the  enclosing  chert  zones. 


r  be,  red  and  brown  chert;  re,  red  Cher  I  tone  in  eost  ore  body;  mc,  white  chert^  ssh,  sandstone  and  shole 
50  0  200FT 


Fiot'Kf:  6.     Geologic  section  (c-c')   across  the  Ladd  mine.  Sau  Joa- 
quin County.  After  Lasky,  Warren  and  Trask,  Hi'/ 1. 


330 


Bulletin  176 — Mineral  Commodities  of  California 


^              '"-^^jimlm^^m 

ifci^^.; 

Figure  7.  Middle  adit  portal  and  trestle  to  ore  bin  and  dump 
at  the  Ladd  mine,  San  Joaquin  County.  Photo  T>y  W.  B.  Clark, 
Octoher,  1953. 


Most  of  the  manganese  ore  at  the  Ladd  mine  has  been 
produced  from  the  east  ore  body  which  lies  in  massive 
white  chert  about  50  feet  above  the  base  of  the  chert 
zone.  The  east  ore  body  is  35  feet  in  maximum  width 
and  has  been  explored  800  feet  along  the  surface  and 
350  feet  in  depth. 

The  primary  minerals  are  gray  rhodoehrosite  and 
bementite  which  have  been  oxidized  above  the  ground- 
water level.  The  massive  primary  carbonate  has  con- 
tained 35  to  42  percent  manganese  with  10  to  15  percent 
silica,  whereas  the  oxide  ore  contained  50  to  55  percent 
manganese  with  10  to  20  percent  silica  and  the  dissemi- 
nated ore  contained  5  to  25  percent  manganese  with  30 
to  60  percent  silica  (Trask,  1950).  The  high-grade  oxide 
ore  was  mined  previous  to  World  War  II.  The  ore  mined 
from  1951  to  1954  ranged  from  25  to  33  percent  man- 
ganese oxide  (Clark,  1955). 


The  Ladd  mine  was  opened  in  1867  and  has  been 
worked  intermittently  since  that  time.  About  10,000  tons 
of  manganese  ore  were  produced  during  World  War  I. 
The  total  production  to  1950  was  within  the  range  of 
30,000  to  50,000  (?)  tons.  The  east  ore  body  has  been 
mined  on  four  levels,  numerous  sublevels  and  in  open 
cuts.  Total  length  of  the  workings  is  4,000  ±  feet.  The 
most  recent  work  began  in  1950  when  the  Teekay  Mines 
Inc.,  a  subsidiary  of  Taylor-Knapp  Company,  produced 
manganese  dioxide  for  use  in  the  battery  industry.  In 
1951  a  concentrating  plant  was  installed  to  upgrade  the 
ore  by  a  combination  of  magnetic  and  gravity  methods. 
Mining  progressed  both  on  the  surface  and  underground 
at  a  total  production  rate  of  100  tons  per  day.  The  mill 
delivered  two  battery-grade  products  containing  52  per- 
cent manganese  dioxide  and  62  percent  manganese  di- 
oxide, respectively,  with  low  iron  and  high  silica  con- 
tents. Production  ceased  early  in  1955.  The  mine  was 
closed  and  the  mill  was  dismantled. 
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Figure  8.     Surface  cuts,  adit  portal,  mine  ore  bin  and  truck  load- 
ing facilities  at  the  Pioneer  No.  4,  Imperial  County. 


Figure  9.     Geologic  section  across  the  Paymaster  district, 
Imperial  County.  After  Hadley,  1941. 

The  Blue  Jay  mine  in  southern  Trinity  County  was  i 
discovered  in  1941.  It  was  one  of  the  more  productive 
manganese  mines  in  California  during  World  War  II. 
The  geological  features  of  the  manganese  bodies  at  this  . 
property  are  typical  of  many  small  deposits  in  the  Coast 
Ranges,  although  the  grade  of  ore  is  considerably  higher 
than  is  usually  encountered. 

At  the  Blue  Jay  mine,  steeply  dipping  ore  bodies  3  to 
4  feet  thick  and  15  feet  apart  lie  enclosed  in  thin-bedded 
white  chert  of  the  Franciscan  group.  The  surface-ex- 
posed oxide  ore  grades  rapidly  downward  into  haus- 
mannite,  rhodoehrosite,  and  bementite.  The  ore  bodies  < 
were  worked  for  at  least  200  feet  along  the  surface  and 
to  a  depth  of  50  feet.  About  5,000  tons  of  ore  averaging 
50  percent  manganese  were  shipped  during  World  War 
II,  and  an  additional  small  tonnage  was  shipped  during 
the  period  1952-55. 

The  principal  manganese  areas  in  the  desert  region 
of  southeastern  California  have  been  the  Paymaster  dis- 
trict in  eastern  Imperial  County;  the  McCoy  and  Little 
Maria  Mountains  districts  in  eastern  Riverside  County; 
and  the  Owls  Head  district  in  north-central  San  Ber- 
nardino County.  The  commercial  manganese  in  these 
areas  has  been  obtained  from  fissure  deposits  and  the 
combined  total  production  of  these  deposits  has  been 
about  84,000  tons.  Three  of  the  most  productive  mines  in 
these  districts  in  recent  years  are  discussed  in  the  fol- 
lowing paragraphs. 

The  western  part  of  the  Paymaster  district  is  covered 
mostly  by  a  coarse,  well-indurated,  orange  fanglom- 
erate  of  probable  Tertiary  age.  It  overlies  fractured 
Tertiary  ( 1 )  andesite  flows  and  a  basement  complex  of 
folded  schist,  gneiss,  and  granitic  dikes  (Hadley,  1942). 
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I'IGURE    10. 


Sketch  of  typical  vein  structure.  Pa.vmaster  district, 
Imperial  County.  After  Hadley,  19-^1. 


The  volcanic  rocks  and  the  fanglomeratc  are  traversed 
by  numerous  minor  tension  faults,  along  which  veins  or 
stringers  of  psilomelane,  pyrolusite,  and  manganite  have 
been  emplaced.  The  width  of  the  veins  ranges  from  1 
inch  to  3  feet.  They  can  be  traced  a  few  hundred  feet 
along  the  surface  and  have  been  mined  to  depths  of  100 
feet.  Hadley  (1942)  estimated  that  the  district  held  a 
relatively  small  tonnage  of  ore  containing  40  percent 
manganese  and  a  moderate  tonnage  of  milling  ore  con- 
taining 10  to  30  percent  manganese.  From  1953  to  1955 
ore  of  both  grades  was  shipped  from  the  Pioneer  mine 
(Tolbard  group)  to  the  U.  S.  Government  stockpile  at 
Wenden,  Arizona. 

At  the  north  end  of  the  McCoy  Mountains  in  Riverside, 
County,  volcanic  flows  and  fragmental  rocks  are  cut  by 
fissures  that  contain  lenticular  ore  shoots  of  botryoidal 
psilomelane.  The  most  productive  lens  at  the  Blackjack 
mine  is  in  quartz  porphyry.  It  extends  for  50  feet  along 
the  strike  and  for  45  feet  on  the  dip  (55°  W)  with  an 
average  thickness  of  4  feet.  The  ore  has  been  mined 
through  shallow  underground  workings  and  hand-sorted. 
Production  to  March  1943  consisted  of  5,000  tons  of  ore 
containing  42  percent  managanese  and  1,000  tons  of  ore 
containing  24  percent  manganese  (Trask,  1950).  Addi- 
tional ore  was  mined  during  the  period  1953-55  and  was 
shipped  to  the  U.  S.  Government  stockpile  at  Wenden, 
Arizona. 

In  1956  the  Aspen  Mining  Company  mined  the  ore  and 
concentrated  it  in  mills  located  at  Inca  Siding  and  Tasco 
Siding  north  of  Blythe.  The  concentrate  was  sold  to  Gen- 
eral Services  Administration  under  the  carlot  program. 

At  the  Langdon  deposit  in  the  Little  Maria  Mountains 
north  of  Blythe,  botryoidal  psilomelane  occurs  as  segre- 
gations and  veinlets  along  fissures  and  breeciated  zones 
in  limestone  which  is  interbedded  with  quartzite  and 
quartz-mica  schist.  A  wide  ore  zone  composed  of  individ- 
ual veinlets  as  much  as  3  inches  thick  extends  for  half 
a  mile  along  the  strike.  Development  consists  of  open 
cuts  and  shallow  underground  workings.  Careful  sorting 
has  produced  a  few  thousand  tons  of  ore  containing  40 
percent  manganese  (Trask,  1950).  During  the  period 
1953-55  a  small  tonnage  of  low-grade  ore  from  the  Imng- 
don  deposit  was  concentrated  in  a  gravity  mill  at  Inca 


Surface  cuts  at  the  Xew  Deal  mine,  Owlheail  Moun- 
tains, San  Bernardino  County. 


FlGTHE  12.  East  worluiiKs  at  the  lii;;  Ueef  uiini',  San  P.ernar- 
dino  County.  Loading  ore  from  a  manganese  lens  capped  by  vol- 
canic rock. 
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FiGUBE    13. 


Mill  at  Poe's  Siding  erected  to  treat  ore  from  the  Big  Reef  mine.  Mine  ore  at  left  was  conveyed  to  mill  bin  in  center  and 
treated  entirely  by  jigs  in  center  building.  Mill  tailings  at  right. 


Siding,  20  miles  north  of  Blythe,  and  shipped  to  the 
U.  S.  Government  stockpile  at  Wenden,  Arizona. 

Mining.  The  manganese  mines  in  California  generally 
have  been  developed  by  standard  methods.  Manganese 
outcrops  are  opened  by  shallow  pits  or  trenches  along  the 
surface  exposure.  The  extent  and  attitude  of  the  soil- 
covered  parts  of  the  mineralized  zone  is  determined  by 
eross-trenehes  or  bulldozer  cuts.  The  wider  deposits  are 
mined  in  open  pits ;  whereas  narrow,  steeply  dipping  ore 
bodies  require  underground  methods. 

If  the  topography  permits,  a  drift  may  be  run  along 
the  ore  body  at  a  level  lower  than  the  outcrops,  or  a  short 
cross-cut  adit  may  be  run  to  the  ore ;  otherwise  a  shaft 
is  ordinarily  sunk  in  the  widest  and  richest  part  of  the 
outcrops.  The  development  levels  are  connected  by  raises 
in  ore  along  the  footwall  and  the  ore  body  is  stoped-out 
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Figure  14.  Flowsheet  of  manganese  ore  mill  treating  free- 
breaking  o.\ides  from  desert  breccia  depo.sits,  Ripley,  Riverside 
County. 
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Figure  I.j.     Flowsheet  of  manganese  concentrator  at  Inca  Siding, 
Riverside  County,  treating  Blackjack  mine  ore. 

between  levels.  The  smaller  deposits  are  mined  by  open 
stopes  and  the  walls  are  supported  by  stulls  or  pillars. 
Shrinkage  or  sub-level  mining  methods  commonly  are 
emploj'ed  in  the  larger  deposits. 

Milling.  Hand-sorting  is  the  only  treatment  applied 
to  much  of  the  manganese  ore  mined  in  California,  al- 
though the  ore  from  many  of  the  deposits  requires  fur- 
ther beneficiation.  The  black  oxides,  pyrolusite  and  psilo- 
melane,  in  simple  association  with  one  or  more  gangue 
minerals  (chert,  quartz,  chalcedony,  opal,  limonite,  cal- 
eite,  and  clay)  can  be  concentrated  by  most  beneficiation 
methods  (fig.  14).  Such  ores  are  amenable  to  gravity 
separation,  jigging,  magnetic  separation,  flotation  and 
the  sink-float  process.  Concentrating  tables  are  commonly 


Manganese — Davis 


333 


FiGUKE  16.      Mill  near  Ripley,  Riverside  County. 


used  because  they  are  comparatively  simple  to  operate, 
•ligrging  followed  by  flotation,  spiral  concentration  or 
-ink-float  methods  can  be  applied  to  coarse  sized  ore. 

Some  of  these  principles  were  successfully  applied  to 
<  alifornia  ores  during  the  period  of  federal  government 
-lockpiling,  1951-56.  The  mills  were  located  near  New- 
berry, San  Bernardino  County;  near  Ripley  and  Blythe, 
Riverside  County. 

In  many  of  the  manganese  deposits  of  California,  how- 
ever, siliceous  minerals  are  intimately  interlocked  with 
the  manganese  oxide  minerals,  thus  making  separation 
difficult  if  not  impossible.  The  liberation  of  the  man- 
jranese  minerals  from  such  a  mixture  requires  a  fine 
u  rinding  which  promotes  the  formation  of  undesirable 
-limes.  Sliming  produces  a  small  concentrate  fraction 
;ind  a  large  middling  fraction,  consequently  a  costly  re- 
'jrind  circuit  is  required.  The  successful  small-scale  flota- 
t  ion  of  such  siliceous  ores  also  has  been  retarded  by  the 
iibsence  of  collectors  of  sufficient  selectivity. 

Although  little  rhodochrosite  ore  has  been  produced  in 
t  'alifornia,  it  is  amenable  to  a  flotation  process  that  em- 
ploys fatty  acid  collectors.  Rhodochrosite  is  crystalline, 
asily  cleavable,  and  not  subject  to  sliming.  Fine  grind- 
ing can  therefore  be  employed  to  obtain  maximum  libera- 
tion of  the  mineral.  Sink-float  treatment  or  jigging  com- 
monly precedes  tine  grinding  to  reject  as  much  gangue 
as  possible  at  a  coarse  size.  Subsequent  sintering  of  the 
notation  concentrate  is  essential  and  increases  the  grade 
I  if  the  concentrate  bv  removing  the  CO2  as  a  gas  (Schack 
and  Poole,  p.  6,  1947). 


Magnetic  separators  can  be  successfully  used  on  iron- 
bearing  manganese  ore.  A  preliminary  reduction  roast 
may  be  necessary  to  render  the  iron  minerals  susceptible 
to  attraction  by  a  low-intensity  magnetic  field.  Pine 
grinding  also  may  be  required  as  the  manganese  and  iron 
commonly  are  intimately  associated.  Magnetic  recovery 
on  the  fine  sizes  may  involve  increased  expense  for  addi- 
tional magnetic  units,  owing  to  the  comparatively  low 
handling  capacity  of  each  separator  for  fine  feed  (Schack 
and  Poole,  p.  16,  1947). 


Figure  17.     Adii  p.jjial  and  steep-dipping  vein  at  the  Blaclijack 
mine,  Riverside  County.  County  rock  is  hreociatcd  quartz  porphyry. 
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Figure  18.  Flowsheet  of  the  manganese  ore  mill  of  the  Teekay 
Mines,  Inc.,  Tracy,  San  Joaquin  County,  California.  Reprinted 
from  California  Journal  of  Mines  and  Geology,  vol.  51,  p.  JiS. 


During  World  War  II  a  mill  was  erected  near  Patter- 
son, California,  to  beneficiate  manganese  ores  for  use  in 
batteries.  This  mill  employed  a  dry  process  which  in- 
volved crushing,  magnetic  separation,  and  air  classifica- 
tion. The  plant  was  dismantled  after  the  war. 

A  concentrator  was  operated  at  Tracy,  California, 
from  1952  to  1954,  by  Teekay  Mines,  Inc.,  which  em- 
ployed a  combined  dry-wet  process  of  ore  beneficiation. 
The  process  included  crushers,  magnetic  separators,  and 
tables. 

Metallurgical  Research.  The  possibility  of  eventually 
utilizing  domestic  low-grade  manganese  ore  has  encour- 
aged a  continual  investigation  of  various  new  chemical 
and  metallurgical  processes  by  governmental  agencies 
and  private  companies.  These  processes  usually  are  de- 
signed to  produce  manganese  metal,  ferromanganese  or 
synthetic  battery-grade  products  from  low-grade  ores  not 
amenable  to  standard  methods  of  concentration. 

Among  the  processes  currently  producing  or  under 
investigation  are:  (1)  Dean-Leute  carbamate  process,  in 
which  low-grade,  non-silicate  ores  are  roasted  and  then 
leached  to  produce  a  complex  manganese-ammonium  car- 
bonate, which  is  converted  to  manganese  carbonate  and 
then  to  manganese  dioxide  (the  Manganese  Chemical 
Corporation  is  currently  producing  manganese  carbonate 
by  this  process) ;  (2)  Nossen  nitric  acid  leaching  process; 
(3)  Chemico  sulfur  dioxide  leaching  process;  (4)  U.  S. 
Bureau  of  Mines  sulfur  dioxide   (dithionate)   leaching 


process;  (5)  Udy  electrothermal  process  for  the  produc- 
tion of  ferromanganese;  and  (6)  the  Shaw-Korman 
ultra-high  temperature  electrothermal  process  for  the 
production  of  metallurgical  grade  manganese  from 
rhodonite. 

The  successful  development  of  one  or  more  low-cost 
processes  will  eventually  render  the  United  States  less 
dependent  on  foreign  manganese  ores. 

Utilization.  Manganese  is  a  good  reducing  agent. 
Since  its  oxidizes  readily,  it  does  not  occur  free  in  na- 
ture. Its  ability  to  reduce  iron  oxide  and  to  combine 
with  the  free  oxygen  in  the  melt  makes  manganese  an 
important  reducing  agent  in  steel-making.  It  also  com- 
bines readily  with  sulfur  to  prevent  the  formation  of 
iron  sulfide  which  would  cause  brittleness  in  the  steel 
during  hot-working  operations.  The  manganese  oxide 
and  manganese  sulfide  produced  in  these  scavenging 
reactions  are  removed  in  the  slag.  Manganese  also  in- 
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Figure  19.  Flowsheet  of  the  General  Dry  Batteries,  Inc.,  man- 
ganese ore  mill,  Patterson,  Stanislaus  County,  California.  Reprinted 
from  California  Div.  Mines  Bull.  125,  p.  4t. 
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USE  OR  PRODUCT 


FORM  USED 
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Alloy  in  high-grade  steel 
Purifier  in  smelting 


Ferromanganese 

Spiegeleisen 

High  manganese  pig  iron 


96% 


Alloys  with  copper,  aluminum,  nickel,  zinc,  tin,  lead,  magnesium,] 

iron,  etc.  \ 

Purifier  in  smelting  nearly  all  known  alloys  ] 


Ferromanganese 
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Depolarizer  in  dry  cells 


Green  and  violet  color 
Drier 

Drier 


Coloring  material 


Oxidizer  in  manufacture  of  organic  products 

Oxidizer   in   manufacture   of   hydroquinone,   chlorine,   bromine, 

and  iodine 
Purifying  gases 

Laboratory  chemicals 


Brown  or  bronze  dye 
Bleach 


Manganese  dioxide 


Barium  manganate 
Manganese  metaphosphate 


Manganese    borate,     linoleate,     naphthenate,    oleate, 
reslnate  and  talleate. 


Manganese  sulfate  and  nitrate 
Manganese  chloride 
Lithium  manganate 


4% 


Manganese  persulphate 

Manganese  dioxide 

Potassium  permanganate 

Potassium    permanganate    and    various    other    com- 
pounds 


Manganese  chloride 
Potassium  permanganate 
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Disinfectant 

Fertilizer-agricultural  minerals 
Insecticide 

Welding  rod  coating 

Protective  coating  on  steel 

Porcelain  enamel 

Jewelry  and  ornamental  stones 


Potassium  permanganate 
Manganese  sulphate 
Manganese  arsenate 
Manganese  carbonate 
Manganese  dioxide 
Manganese  phosphate 
Manganese  dioxide 
Rhodonite 


tievised  from  Jenkins,  1943. 
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creases  the  strength  and  hardness  of  steel  and  imparts 
properties  that  allow  it  to  be  rolled  and  forged  more 
easily. 

In  1955  the  domestic  consumption  of  manganese  ore  in 
the  United  States  totaled  2,378,000  short  tons  (De  Huff, 
1956).  About  96  percent  of  this  ore  was  consumed  in  the 
metals  industry.  Since  manganese  steel  is  hard,  tena- 
cious, and  ductile,  it  is  valuable  for  many  purposes  that 
involve  constant  wear.  It  is  used  for  dipper  teeth  on 
steam  shovels,  dredger  pins,  crushing  and  grinding  ma- 
chinery, elevator  links,  agricultural  implements,  rail- 
road rails,  wheels  and  axles,  burglar-proof  safes,  and 
for  many  other  items. 

Most  of  the  ore  thus  used  is  first  smelted  in  a  blast 
furnace  or  an  electric  furnace  and  converted  into  ferro- 
manganese,  an  alloy  containing  78  to  82  percent  man- 
ganese, 8  to  15  percent  iron,  0.5  to  1  percent  silicon,  5  to 
7  percent  carbon,  and  minor  quantities  of  phosphorus 
and  sulfur.  The  lower-grade  manganese  alloys — spiegel- 
eisen  (18  to  22  percent  manganese,  70  to  80  percent  iron, 
and  5  to  6  percent  carbon)  and  silico-manganese  (65  to 
70  percent  manganese,  12  to  25  percent  silicon,  the  re- 
mainder iron  and  carbon) — are  also  commonly  used  but 
less  extensively  so  than  ferromanganese.  These  three 
alloys,  especially  ferromanganese,  are  essential  to  the 
steel  industry.  About  14  pounds  of  manganese  are  used 
in  each  ton  of  steel. 

Manganese  metal,  refined  to  99.9  percent  purity,  has 
recently  become  a  competitor  of  ferromanganese.  It  is 
produced  chiefly  by  the  electrolysis  of  acid  solutions  of 
manganese  ore.  The  manganese  dioxide  is  first  reduced 
to  the  soluble  monoxide  which  is  treated  with  sulfuric 
acid.  The  high  purity  of  electrolytic  manganese  makes 
it  especially  desirable  as  an  alloying  element  in  making 
stainless  steel,  alloy  steels,  and  non-ferrous  alloys. 

During  the  1930 's,  a  commercially  feasible  electro- 
lytic process  was  developed  by  the  United  States  Bureau 
of  Mines  and  put  in  pilot-plant  operation  at  Boulder 
City,  Nevada.  This  plant  utilized  low-grade  ore,  aver- 
aging 20  percent  manganese,  from  deposits  in  several 
western  states,  including  ore  from  the  Ladd  mine  in  San 
Joaquin  County,  California.  Nearly  1|  million  pounds 
(750  tons)  of  electrolytic  manganese  had  been  produced 
by  May  1946,  when  the  project  was  completed  and  the 
pilot  plant  ceased  operation. 

In  1939  a  commercial  plant,  based  on  the  design  of 
the  United  States  Bureau  of  Mines  pilot  plant,  was  set 
up  at  Knoxville,  Tennessee,  by  a  private  firm,  the 
Electro-Manganese  Corporation.  This  plant  included  im- 
provements that  permitted  large-scale  production.  The 
planned  capacity  was  450,000  pounds  per  month,  and 
actual  production  reached  4|  million  pounds  (2,250 
tons)  for  the  year  1948.  By  1956,  the  capacity  of  the 
plant  had  reached  7,000  short  tons  per  year.  Manganese 
metal  also  can  be  produced  by  smelting  high-grade  ore 
in  an  electric  furnace. 

About  2i  percent  of  the  manganese  ore  consumed  in 
the  United  States  is  used  in  the  manufacture  of  dry-cell 
batteries.  The  ore  for  this  purpose  must  be  high  in 
available  oxygen.  Only  the  manganese  dioxide  minerals 
meet  this  requirement,  since  the  available  oxygen  in 
them  is  so  loosely  combined  that  it  can  be  liberated  by 
heat  or  chemical  action. 


The  dry  cell  consists  of  a  zinc  container  (negative 
pole)  filled  with  manganese  dioxide  through  which  an 
electrolyte  of  ammonium  chloride  is  diffused.  When  cur- 
rent is  drawn  from  the  cell,  the  ammonium  chloride 
dissociates  into  ammonia,  chlorine,  and  hydrogen  gases. 
The  chlorine  combines  with  the  zinc  to  form  a  zinc 
chloride  salt.  The  ammonia  combines  with  the  zinc 
chloride  to  form  zinc  ammonium  chloride  salt.  The 
hydrogen  collects  at  the  carbon  electrode  (positive  pole) 
in  the  center  of  the  cell  where  it  forms  a  non-conductive 
film  and  stops  the  flow  of  current.  The  manganese 
dioxide  is  a  depolarizer  which  breaks  or  prevents  forma- 
tion of  the  film  and  permits  the  current  to  flow  con- 
tinuously. In  this  action  the  oxygen  combines  with  the 
hydrogen  to  form  water  and  the  end  product  is  prob- 
ably MnaOs-HaO. 

The  manganese  ore  to  be  used  in  battery  manufacture 
also  should  be  low  in  metals  such  as  iron,  lead,  copper, 
nickel,  cobalt,  and  arsenic,  which  react  eleetrolytically 
with  zinc  and  corrode  the  container.  Ores  from  many  of 
the  Franciscan-type  deposits  of  the  Coast  Ranges  have 
proved  suitable  for  this  use. 

During  and  following  the  Korean  War  period  1950-56, 
considerable  progress  was  made  in  the  electrochemical 
production  of  "synthetic  manganese  dioxide"  from 
moderate  to  low-grade  crude  ores.  In  this  process  manga- 
nese ore  (40-|-  percent  Mn02)  is  reduced  to  manganese 
monoxide  to  convert  the  manganese  to  soluble  form.  The 
manganese  monoxide  is  then  treated  with  sulfuric  acid 
to  yield  liquid  manganese  sulfate  which  is  piped  to 
electrolytic  cells.  In  the  cells  manganese  dioxide  is  de- 
posited on  the  graphite  anodes.  The  shells,  which  contain 
95  percent  Mn02  are  crushed  and  ground  to  95  percent 
minus  200  mesh.  This  product  is  consumed  in  the  manu- 
facture of  batteries  for  military  use  under  especially 
strenuous  conditions  and  is  currently  considered  too 
costly  for  metallurgical  use.  In  1955,  production  ranged 
from  10  to  15  tons  per  day. 

Other  phases  of  the  chemical  industry  account  for 
about  li  percent  of  the  total  U.  S.  consvimption  of  man- 
ganese ore.  Here,  too,  the  manganese  ore  acts  as  an 
oxidizer  in  that  it  yields  part  of  its  contained  oxygen 
under  heat  or  acid  treatment.  It  is  used  in  the  manu- 
facture of  such  products  as  ink,  paint,  and  varnish 
dryers,  textile  coloring  agents  and  bleaches,  agricultural 
chemicals,  ceramic  coloring  agents,  and  laboratory 
chemicals. 

Manganese  dioxide  is  converted  into  manganese  sul- 
fate which  is  the  base  for  many  important  driers  in  the 
paint  industry.  Manganese  driers  function  as  oxidation 
catalysts  and  produce  films  that  are  hard,  brittle,  and 
resinous.  They  are  widely  used  in  floor  varnishes  where 
hardness  is  essential. 

Small  quantities  of  manganese  dioxide  are  used  in  the 
ceramic  industry  to  produce  black,  brown,  and  purple 
colors  in  glazes,  enamels,  and  brick.  Welding-rod  coat- 
ings commonly  include  manganese  dioxide  or  manganese 
carbonate  which  produce  a  brittle,  fluid  slag,  and  replace 
manganese  volatilized  in  the  welding  arc. 

Since  manganese  has  several  chemical  valences  (2,  3, 
4,  6  and  7),  it  forms  a  wide  variety  of  chemical  salts 
such  as  the  green  pigment  barium  manganate,  and  the 
manganese  arsenite  which  is  an  insecticide.- 
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The  beautiful  pink  shades  of  the  mineral  rhodonite  in 
combination  with  the  black  oxides  make  it  highly  de- 
sirable for  jewelry  and  as  architectural  ornamental 
stone. 

Consumption  of  Manganese  Ore  in  California.  During 
the  period  1951-56,  the  General  Services  Administration 
of  the  U.  S.  Government  has  dominated  the  manganese 
purchase  picture  in  California.  The  low-grade  ores 
(minus  40  percent  Mn)  have  been  shipped  to  General 
Service  Administration  stockpiles  at  Wenden,  Arizona, 
and  Deming,  New  Mexico,  and  probably  will  eventually 
be  concentrated  and  upgraded  to  metallurgical  grade. 
The  high-grade  metallurgical  ores  (plus  40  percent  Mn) 
have  been  purchased  in  carload  lots  at  the  railhead 
nearest  the  mine  and  shipped  to  permanent  Army  stra- 
tegic stockpiles  at  Avondale,  Colorado,  and  Port  Worth, 
Texas.  None  of  this  ore  has  gone  into  industry. 

During  this  period  the  California  steel  industry  has 
substituted  ferromanganese  for  ore  almost  entirely.  Steel 
making  is  thus  facilitated  and  the  end  products  are  more 
easily  controlled,  as  ferromanganese  is  of  uniform  com- 
position whereas  manganese  ore  generally  is  variable. 
Ferromanganese  for  California  steel  is  made  mostly  in 
plants  in  the  eastern  United  States,  Portland,  Oregon, 
and  Butte,  Montana.  Ferromanganese  also  is  imported 
from  India  and  Japan.  Steelmakers  in  California  for- 
merly used  manganese  ores  imported  from  Mexico, 
Philippine  Islands,  India,  and  South  Africa,  and  sup- 
plemented them  with  ore  from  California. 

Keen  competition  from  foreign  battery-grade  ores  and 
synthetic  manganese  dioxide,  together  with  the  high  cost 
of  underground  mining  and  high  freight  rates  to  eastern 
and  mid-western  battery  manufacturing  plants,  even- 
tually forced  closing  of  the  California  mines  that  were 
supplying  battery  grade  ore  to  commercial  outlets.  No 
battery  manufacturing  plant  is  presently  located  west 
of  Sioux  City,  Iowa  (1956). 

None  of  the  chemical  plants  in  California  uses  man- 
ganese ore.  Prime  manganese  chemicals  such  as  man- 
ganese acetate,  manganese  chloride,  and  manganese  sul- 
fate are  manufactured  elsewhere.  Manganese  sulfate  (98 
percent)  is  imported  into  California  and  used  in  the 
chemical  process  industries.  Among  the  paint,  varnish, 
and  ink  driers  manufactured  in  California  are  manga- 
nese borate,  manganese  linoleate,  manganese  naphthe- 
nate,  manganese  oleate,  manganese  resinate,  and  manga- 
nese talleate. 

Manganese  sulfate  is  used  also  as  an  agricultural  min- 
eral in  California  where  a  manganese  deficiency  has  been 
noted  in  apricot,  peach,  walnut,  and  citrus  trees.  This 
deficiency  has  often  been  corrected  by  sprays  or  by  the 
direct  injection  into  the  tree  trunks  themselves.  The 
annual  tonnage  of  manganese  sulfate  used  for  this  pur- 
pose has  been  very  erratic  in  recent  years.  Variations 
from  592  tons  in  1950  to  41  tons  in  1954  have  been  re- 
ported by  the  Bureau  of  Chemistry. 

Marketing.  Metallurgical  manganese  is  purchased  on 
the  basis  of  a  long  ton  (2,240  pounds)  of  dry  ore.  As  all 
ore  contains  some  moisture,  commonly  as  much  as  15 
percent,  a  moisture  deduction  must  be  made  from  the 
total  weight  of  each  shipment.  Prices  on  metallurgical 
ore  containing  over  35  percent  manganese  are  quoted 
on  the  basis  of  units  of  contained  manganese. 


The  chemical  industry  purchases  ore  on  a  short  ton 
(2,000  pounds)  basis  with  a  minimum  requirement  of 
manganese  dioxide.  An  analysis  may  therefore  report 
the  ore  in  percentage  of  manganese  dioxide.  As  pure 
manganese  dioxide  contains  63.2  percent  manganese,  it 
will  be  necessary  to  multiply  the  manganese  dioxide 
content  of  the  ore  by  0.632  if  the  manganese  content  (or 
number  of  units  of  contained  manganese)  is  desired. 

"Ferruginous-manganese"  is  a  term  often  applied  to 
iron-bearing  ore  containing  10  to  35  percent  manganese. 
Such  ore  is  usually  purchased  on  the  basis  of  the  total 
content  of  iron  and  manganese,  and  the  current  price 
per  ton  for  equivalent  grade  iron  ore. 

Iron  ore  containing  less  than  10  percent  metallic  man- 
ganese may  be  termed  manganiferous  iron  ore.  The  term 
manganiferous  ore  is  often  applied  to  any  material  with 
a  manganese  content  in  the  lO-to-35  percent  range. 

Specifications  for  Ferro-Grade  Ore.  The  steel  indus- 
try has  established  certain  specifications  for  metallur- 
gical or  f erro-grade  manganese  ore : 

Average  metallic  manganese  content 48  percent  by  weight 

Iron 6  percent 

Silica  and  alumina   (insoluble),  max 11  percent 

Phosphorus,  max. 0.12  percent 

Zinc,  tin,  lead,  and  copper  are  undesirable  and  no 
sodium  or  potassium  should  be  present.  Ores  with  a  man- 
ganese content  as  low  as  40  percent  can  be  mixed  with 
higher-grade  ores,  providing  the  manganese-iron  ratio 
does  not  exceed  7|  to  1.  Lump  ore  ranging  from  5  inches 
down  to  a  plus  20  mesh  size  is  most  desirable.  Fines 
should  not  exceed  5  percent  minus  20  mesh. 

Possible  buyers  of  metallurgical  grade  manganese  ore 
include : 

Bethlehem  Pacific  Coast  Steel  Co. 

20th  and  Illinois  Sts.,  San  Francisco 

Bradley  &  Ekstrom 

320  Market  St.,  San  Francisco 

Ohio  Ferro-Alloys  Corp. 

Canton,  Ohio 

Columbia-Geneva  Steel  Division 

U.  S.  Steel  Corporation 

141  Battery  St.,  San  Francisco 

The  following  quotation  on  manganese  ore  is  taken 
from  the  Engineering  and  Mining  Journal,  Metal  and 
Mineral  Market  report  of  March  7,  1957 : 

Indian  ore,  $1.64  @  $1.69  per  long  ton  unit  of  Mn,  c.l.f.  U.  S. 
ports,  import  duty  extra,  basis  46  to  48%  Mn,  nearby  positions. 

On  long-term  contracts  for  ore  from  various  sources 
46%-48%  Mn,  quotations  are  nominal. 

Specifications  for  Chemical  or  Battery-Grade  Ore.  A 
chemical  analysis  is  not  entirely  satisfactory  in  deter- 
mining the  suitability  of  manganese  for  making  bat- 
teries. Oxide  ores  are  required,  but  ores  of  similar  chem- 
ical composition  do  not  give  the  same  results  in  actual 
usage.  The  selection  of  battery-grade  ore  is  best  made  by 
means  of  a  set  of  test  cells  of  various  ore  samples.  The 
operating  characteristics  of  each  sample  set  is  then  de- 
termined over  a  period  ranging  from  3  to  24  months. 
Research  now  under  way,  utilizing  x-ray  photographs  of 
the  ore,  may  eliminate  the  time-lag.  Meanwhile,  the  fol- 
lowing tentative  specifications  have  been  established. 
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Available  oxygen  or  MnOa 75  percent  min. 

Total  manganese,  Mn 48  percent  min. 

Iron,  Fe 3  percent  max. 

Silica,  SiOa 5  percent  max.    (chemical  grade) 

Silica,  SiOj 25  percent   (battery  grade) 

Absorbed  moisture,  H2O 5  percent  max. 

Cu,  Cd,  Ni,  Pb,  Sn,  etc. 

(total) 0.2  max. 

The  ore  also  should  be  hard  and  porous. 
Possible  buyers  of  battery  grade  ore  are : 

General  Dry  Batteries,  Inc.  Cleveland,   Ohio 

Union  Carbide  and  Carbon  Co.     30  East  42nd   St.,  New  York. 

N.Y. 
Ray-O-Vac   Co.  Madison,   Wisconsin 

Bright  Star  Battery   Co.  Clifton,  New  Jersey 

Acme  Battery  Co.  59  Pearl  St.,  Brooklyn,  N.  Y. 

Burgess  Battery  Co.  Freeport,  Illinois 

E.  J.  Lavino  &  Co.  1528  Walnut  St.,  Philadelphia, 

Pa. 

The  Engineering  and  Mining  Journal,  Metal  and 
Mineral  Market  Report  of  January  3,  1957,  quotes: 

Manganese   dioxide,   84%   MnOs,   long   tons,   bulk,   c.  i.  f.   U.   S. 
ports,  $92   @  $100. 

V.  8.  Government  Stockpile  Depots  Purchasing  Pro- 
gram. On  July  21,  1951,  the  General  Services  Admin- 
istration announced  a  government  purchase  program  of 
manganese  ore  at  depots  in  Butte  and  Philipsburg, 
Montana,  and  in  Deming,  New  Mexico.  On  May  5,  1953, 
another  depot  was  established  at  Wenden,  Arizona.  Ore 
purchased  under  this  program  was  required  to  contain 
a  minimum  of  15  percent  manganese,  except  at  Butte, 
where  12  percent  minimum  grade  was  established. 

Ore  was  purchased  on  delivery  according  to  the  fol- 
lowing schedule.  At  Deming,  $6.10  per  long  ton  for  15 
percent  ore  with  payments  ranging  up  to  $76  for  40 
percent  ore.  At  Butte,  $6.05  per  long  dry  ton  for  12  per- 
cent ore  with  payments  ranging  up  to  $40.42  for  30 
percent  ore.  At  Philipsburg  $6.43  per  long  dry  ton  for 
15  percent  ore  with  payment  ranging  up  to  $34.81  for  30 
percent  ore. 

The  following  prices  were  paid  for  manganese  ore  de- 
livered f.  o.  b.  depot,  Wenden,  Arizona: 

%  Mn  in  ore  Price  of  1  long  dry  ton 

15     - $8.54 

20    17.20 

25     26.94 

30     40.60 

35     56.29 

40  fines 78.00 

40  ore   88.00 

The  program  originally  designed  to  terminate  on 
June  30,  1956,  was.  extended  to  June  30,  1958,  or  until 
18,000,000  long-ton  units  of  manganese  have  been  pur- 
chased, whichever  occurs  first. 

The  quota  of  6,000,000+  long-ton  units  for  the  Wen- 
den stockpile  was  filled  and  the  stockpile  was  closed  in 
April  1955.  A  similar  quota  for  the  Deming  stockpile 
was  reached  and  the  stockpile  closed  in  November  1955. 
Only  the  depots  at  Butte  and  Philipsburg,  which  had 
reached  about  half  their  combined  quota  of  6,000,000-^- 
long-ton  units,  remained  open  in  March  1957. 

For  further  information  address  the  General  Services 
Administration,  49  Fourth  Street,  San  Francisco  3,  Cali- 
fornia. 


V.  8.  Government  Carlot  Rail-Head  Program  for 
8mall  Domestic  Producers.  The  General  Services  Ad- 
ministration on  July  7,  1952,  announced  a  new  program 
of  purchasing  metallurgical-grade  manganese  ore  from  do- 
mestic sources.  A  base  price  of  $2.30  a  long-ton  unit,  f.  o.  b. 
railroad  car,  in  carload  lots,  is  paid  for  ore  running  48 
percent  manganese  (Mn)  with  maximum  6  percent  iron 
(Fe) ;  11  percent  silica  plus  alumina  (Si02 -|- AUOs) ; 
and  0.12  percent  phosphorus  (P).  Premiums  are  paid 
for  better  grades  and  penalties  are  levied  for  lower 
grades.  Minimum  grade  acceptable  is  40.0  percent  man- 
ganese (Mn)  and  a  maximum  16.0  percent  iron  (Fe)  ; 
15.0  percent  silica  plus  alumina  (Si02 -f  AI2O3) ;  0.30 
percent  phosphorus  (P)  ;  and  1.0  percent  copper  plus 
lead  plus  zinc  (Cu  +  Pb  +  Zn),  maximum  0.25  percent 
copper. 

The  quota  on  this  carlot  program  was  originally  set 
at  19,000,000  long-ton  units.  In  1956  the  quota  was  ex- 
panded to  28,000,000  long-ton  units  and  the  termination 
date  was  extended  to  January  1,  1961.  Any  person  in 
California  who  wishes  to  sell  manganese  ore  under  this 
carlot  plan  should  contact  General  Services  Administra- 
tion, Regional  OfiSce,  49  Fourth  Street,  San  Francisco, 
California. 
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MERCURY  * 

By  Fenelon  F.  Davis 


Approximately  88  percent  of  the  mercury  produced 
ill  the  United  States  has  been  obtained  from  deposits  in 
(  alifornia  which  lie  mainly  in  the  Coast  Ranges.  From 
I  he  beginning  of  recorded  production  in  1850  to  the  end 
iif  1955,  the  mercury  mines  of  California  produced 
more  than  2f  million  flasks  valued  at  over  $159,000,000. 
<  Inly  gold  and  copper,  among  the  metallic  mineral  com- 
modities of  the  state,  have  exceeded  mercury  in  value  of 
|iroduction. 

During  World  War  II  slightly  more  than  70  percent 
of  the  domestic  mercury  production  came  from  Cali- 
fornia sources,  which  in  the  period  1942-45  contributed 
113,195  flasks  valued  at  $17,607,320.  The  33,948  flasks 
produced  in  1943  represented  the  highest  annual  output 
since  1895.  From  1944  to  1950,  mercury  production 
ilropped  sharply,  a  decline  caused  largely  by  the  diffi- 
culty encountered  by  domestic  operators  in  meeting 
Inreign  competition  following  World  War  II.  The  out- 
put of  mercury  from  California  mines  in  1950  was  the 
smallest  in  28  years.  Meanwhile  the  United  States  was 
ai'eumulating  stocks  of  this  strategic  metal  from  foreign 
sources. 

.\  renewed  stimulus  to  mercury  production  was  pro- 
^  ided  in  1950  by  the  Korean  War  demand  and  in  1951 
liy  a  U.  S.  Government  program  to  eneoura<re  mercury 
mine  exploration.  By  1954  the  U.  S.  Government  and 
many  foreign  governments  had  embarked  upon  atomic 
f'liergy  programs  which  are  rumored  to  be  responsible 
lor  a  reduction  in  the  available  supply  of  mercury.  In 
a.ldition,  the  U.  S.  Government  in  1954  instituted  a 
l^ycRr  fixed-price  mercury  purchase  program  which 
I  ended  to  stabilize  the  market  and  encourage  the  devel- 
opment of  the  mines. 

Most  of  the  early  production  of  mercury  in  California 
was  used  in  the  amalgamation  of  gold,  but  in  recent 
,M>ars  it  has  found  greater  use  in  the  manufacture  of 
iliemicals,  in  industrial  instruments,  in  electrical  ap- 
paratus and  in  agriculture. 

Mineralogy  and  Geologic  Occurrence.  Cinnabar 
(HgS)  is  by  far  the  most  important  ore  mineral  of  mer- 
cury, but  native  mercury  and  metacinnabar  (HgS) 
occur  in  economic  quantities.  More  than  20  other  min- 
erals also  contain  mercury.  Of  these,  amalgam  (AuHg), 
tiemannite  (HgSe),  coloradoite  (HgTe),  calomel 
(HgCl),  eglestonite  (Hg4Cl20),  and  montroydite 
(HgO),  have  been  noted  in  California. 

Cinnabar  is  recognized  by  its  red  color,  red  streak, 
high  specific  gravity,  and  adamantine  luster.  Metacin- 
nabar, a  black  mercuric  sulfide  with  a  black  streak,  is 
less  common  than  cinnabar,  Native  mercury,  a  silver- 
colored  liquid,  has  been  found  in  vugs  in  many  Califor- 
nia deposits. 

Throughout  the  world,  mercury  deposits  are  confined 
largely  to  regions  of  Tertiary  or  Quaternary  volcanic 
activity.  As  the  mercury  mineralization  is  of  relatively 
low  temperature,  and  few  commercial  bodies  exceed 
2,000  feet  in  depth,  the  deposits  are  classed  as  epi- 
thermal. 


•  Extracted  in  part  from  a  report  by  Richard  A.  Crippen  Jr.  in  Cali 
fornia  Div.  Mines  Bull.  156. 


Mercury  ore  bodies  are  irregular  and  contain  cinna- 
bar or  metacinnabar  that  fill  fractures  or  voids,  or  have 
replaced  the  host  rock.  Schuette  (1937)  shows  that  main- 
ore  bodies  have  been  formed  by  the  concentration  of 
primary  minerals  in  porous  rocks  capped  by  relatively 
impervious  rocks.  Others  are  replacement  deposits  of 
silica-carbonate  and  related  rocks ;  still  others  have  been 
deposited  at  or  very  near  the  surface  by  hot  springs. 
Bodies  of  disseminated  ore  exist  at  some  mines. 

Mercury  deposits  contain  few  other  metallic  minerals. 
Pyrite  or  marcasite  is  generally  present,  and  stibnite  is 
locally  abundant.  The  principal  gangue  minerals  are 
quartz,  opal,  chalcedony,  calcite  and  dolomite. 

Slightly  over  50  percent  of  the  larger  mercury  de- 
posits in  California  occur  in  altered  serpentine  (silica- 
carbonate  rock),  and  an  additional  30  percent  occur  in 
the  sedimentary  rocks  of  the  Franciscan  group  (Upper 
Jurassic?)  with  which  the  serpentine  is  associated.* 
Mercury  ores  also  occur  in  the  Knoxville  (Upper  Juras- 
sic) sedimentary  rocks,  and  in  younger  Lower  Creta- 
ceous sedimentary  and  Tertiary  volcanic  rocks.  Rela- 
tively small  amounts  of  cinnabar  have  been  obtained 
from  hot  springs  and  placer  deposits  in  the  state. 

The  high  degree  of  fracturing  in  the  Franciscan  rocks 
and  in  the  serpentine  has  favored  deposition  in  these 
rocks.  In  general  the  mercury  minerals  have  formed  in 
the  interstices  of  porous  or  brecciated  rocks.  In  many 
places  the  ore  is  especially  rich  beneath  such  impervious 
material  as  fault-gouge,  clay  shale,  or  dense  volcanic 
rock.  The  silica-carbonate  rock  with  which  many  de- 
posits of  mercury  minerals  are  associated  is  commonly 
called  "quicksilver  rock."  This  rock  is  an  alteration 
product  of  serpentine  and  is  composed  largely  of  chal- 
cedony, quartz,  and  various  carbonates.  It  is  more  wide- 
spread than  the  mercury  mineralization,  however,  and 
cannot  be  used  as  a  reliable  prospecting  guide. 

Localities.  Twenty-nine  of  the  30  mines  that  have 
been  the  most  consistent  sources  of  mercury  in  California 
are  in  the  Coast  Ranges,  and  are,  in  general,  confined  to 
areas  underlain  by  rocks  of  the  Franciscan  group  and 
associated  serpentine.  Within  this  province  are  23  mer- 
cury districts  which  are  scattered  along  a  350-mile  belt 
extending  from  central  Lake  County  southeastward  to 
southeastern  Santa  Barbara  County.  Three  of  these  dis- 
tricts, the  New^  Almaden  in  Santa  Clara  County,  the 
Mayacmas  in  Sonoma  and  Lake  Counties,  and  the  New 
Idria  in  San  Benito  County,  have  been  the  principal 
sources  of  mercury  in  North  America.  The  Knoxville 
district  in  Lake  and  Napa  Counties,  the  Clear  Lake  and 
Guerneville  districts  in  Lake  County,  and  the  Oceanic 
district  in  San  Luis  Obispo  County,  also  have  been  very 
productive. 

Other  districts  in  the  Coast  Ranges  that  contain  mer- 
cury mines  with  sizeable  outputs  are :  Wilbur  Springs, 
and  Vallejo  in  the  counties  north  of  San  Francisco  Bay ; 
the  Mount  Diablo  in  Contra  Costa  County;  and  the 
Adelaida  in  San  Luis  Obispo  County. 

Coast  Ranges  mercury  districts  with  moderate  outputs 
are :  the  Oakville  in  Napa  County ;  the  Stayton  in  Mer- 

^  Kdsi^r  H.  Bailey,  personal  communication. 
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Figure  1.     Map  of  California  showing  the  location  of  mercury  mines  and  the  principal  mercury  districts. 
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ced,  San  Benito,  and  Santa  Clara  Counties ;  the  Panoche 
in  Fresno  and  San  Benito  Counties;  the  Parkfield  in 
Kings  and  Monterey  Counties;  the  Pine  Mountain  and 
the  Rinconada  in  San  Luis  Obispo  County;  and  the 
Cachuma  and  Los  Prietos  in  Santa  Barbara  County. 
Small  quantities  of  mercury  have  been  obtained  also 
from  the  following  districts  in  the  Coast  Ranges :  the 
Del  Puerto  district  in  Stanislaus  County,  the  San  Car- 
pojaro  district  in  San  Luis  Obispo  County,  the  Redwood 
City  district  in  San  Mateo  County  and  the  Petaluma 
district  in  Marin  County. 

One  of  the  state's  principal  mercury  mines,  the  Al- 
toona  in  northeastern  Trinity  County,  is  in  the  Klamath 
Mountains  province.  Another  mine,  the  Walibu,  is  in 
the  southern  end  of  the  Sierra  Nevada  province.  Rela- 
tively small  amounts  of  mercury  also  have  been  obtained 
from  the  following  districts  outside  the  Coast  Ranges 
province :  the  Diamond  Creek  district  of  northern  Del 
Norte  County;  the  Beaver  Creek  district  of  northern 
Siskiyou  County ;  the  Coso  district  of  southwestern  Inyo 
County;  and  the  Tustin  district  of  Orange  County. 

The  New  Almaden  mine  a  few  miles  south  of  San  Jose 
in  Santa  Clara  County  yielded  1,051,041  flasks  of  mer- 
cury valued  at  $49,436,161  to  the  end  of  1951.  This  is 
more  than  one-third  of  the  entire  United  States'  produc- 
tion, and  makes  New  Almaden  the  most  productive 
mercury  mine  in  North  America.  The  peak  of  production 
was  reached  in  1865.  Since  1946  production  has  been 
small  and  irregular.  The  New  Almaden  mine  area, 
studied  in  detail  by  E.  H.  Bailey  (1951),  is  underlain 
mostly  by  rocks  of  the  Franciscan  group  of  Jurassic  ( ?) 
age.  'These  include  graywacke,  arkose,  sandstone,  shale, 
conglomerate,  limestone,  chert,  greenstone  (altered 
lavas,  tulfs  and  breccias)  and  some  metamorphic  rocks. 

The  area  contains  a  northwest-trending  anticline 
whose  southwest  limb  has  been  highly  sheared.  Two 
major  sills  of  serpentine  appear  to  have  been  intruded 
up  the  north  limb,  to  have  converged  near  the  crest,  and 
to  have  continued  down  the  southern  flank.  At  the 
point  of  convergence  the  intrusives  apparently  "broke 
through''  to  higher  points  from  which  thin  tongues  of 
serpentine  extended  downward  along  the  flanks  of  the 
fold.  Subsequently  much  of  the  serpentine  was  hydro- 
thermally  altered  to  silica-carbonate  rock  .which  is  most 
abundant  along  the  margins  of  the  sills  and  tongues. 
Finally  cinnabar,  the  principal  ore  mineral,  was  intro- 
duced in  alkaline  solution  and  replaced  the  silica-car- 
bonate rock  along  a  series  of  northeast  trending  frac- 
tures to  form  the  large,  rich  ore  bodies. 

The  near-surface  ore  bodies  were  formed  along  the 
thin  tongues  of  altered  serpentine.  The  deeper  ore  bodies 
were  formed  along  the  margins  of  the  two  altered  ser- 
pentine sills.  The  largest  ore  body  mined  was  200  feet 
wide,  15  feet  thick,  and  1500  feet  on  the  dip.  Cobbed 
ore  mined  during  the  first  15  years  of  recorded  produc- 
tion averaged  more  than  20  percent  merciiry.  'The  ore 
produced  during  the  entire  productive  history  of  the 
mine  averaged  slightly  less  than  4  percent  mercury 
(Bailey,  1951).  The  workings  at  the  New  Almaden  mine 
reach  a  point  of  2450  feet  below  the  surface,  but  almost 
half  of  the  ore  was  removed  above  the  800-level. 

The  New  Idria  mine,  in  the  southeastern  corner  of 
San  Benito  County,  ranks  second  in  production  among 
mercury    operations    of    North    America.    During    the 


Figure  2.  A'^iew  northeastward  toward  hoadframe,  ore  treat- 
ment plant,  and  dumps  at  the  Abbott  mine,  Wilbur  Springs  dis- 
trict, Lake  County.  Underground  exploration  has  been  highly  suc- 
cessful at  this  mine  in  recent  years. 

period  1858  to  1955  the  mine  produced  nearly  half  a 
million  flasks  with  a  total  value  of  about  35  million 
dollars. 

The  rocks  exposed  in  the  New  Idria  district  consist  of 
a  central  core  of  serpentine  and  Franciscan  sandstone 
(Upper  Jurassic?)  surrounded  by  Panoche  shale  and 
sandstone  (Upper  Cretaceous)  and  Tertiary  sedimen- 
tary rocks.  Structurally  the  rocks  form  a  northwest- 
trending,  eroded,  assymetric,  anticlinal  dome  in  which 
the  serpentine  core  is  believed  to  have  been  pushed  up- 
ward as  a  plastic  plug  (Eckel  and  Myers,  1946).  The 
serpentine-Franciscan  contacts  and  the  Franciscan-Pa- 
noche  contacts  are  marked  by  steep  faults  which  dip 
away  from  the  central  core,  except  near  the  New  Idria 
mine.  Here,  on  the  northeast  flank  of  the  dome  the  upper 
Panoche  shales  are  crumpled  and  overturned  beneath 
the  New  Idria  thrust  fault  which  has  caused  them  to  be 
overridden  by  Franciscan  sandstone  and  serpentine. 

Irregularities  in  the  plane  of  the  thrust  fault  control 
the  shape  of  the  underlying  zone  of  altered  and  indu- 
rated Panoche  rocks  and  the  shapes  of  ore  bodies  which 
they  contain.  Veins  and  stockworks  of  fractures  filled 
with  cinnabar  constitute  most  of  the  ore.  Rich  ore 
bodies  have  formed  where  the  fracturing  has  been  most 
intensive. 

Ore  has  been  produced  at  the  New  Idria  mine  through 
a  vertical  range  of  more  than  1400  feet  and  through  a 
horizontal  distance  of  about  2000  feet.  According  to 
Eckel  and  Myers  a  large  near-surface  ore  body  extended 
for  800  feet  in  length,  150  to  300  feet  in  depth  and  was 
50  to  200  feet  thick.  They  believe  it  was  controlled 
chiefly  by  the  flattening  of  the  New  Idria  thrust  fault 
near  the  surface.  The  richest  ore  body  was  800  feet  in 
depth,  300  feet  long  and  25  to  150  feet  thick.  This  ore- 
shoot  occupied  a  steep  inverted  trough  at  the  intersec- 
tion of  the  New  Idria  thriist  fault  with  a  tear  fault. 
During  the  period  1953-1956  exploration  loans  from  the 
Defense  Minerals  Exploration  Administration  of  the 
U.  S.  Government  have  been  instrumental  in  uncovering 
new  cinnabar  ore  bodies  in  the  westerly  extension  of  the 
mine  workings. 

The  other  mines  of  the  Coast  Ranges  are  too  numer- 
ous to  be  listed  individually  here,  but  an  extensive  pre- 
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FiGUKE  3.     Geologic  section  across  the  Knoxville  district,  Lake,  Napa,  and  Yolo  Counties.  After  Averitt,  1945. 


1939  bibliography  on  California  mercury  deposits  has 
been  provided  by  Ransome  and  Kellogg  (1939)  in  a 
report  which  summarizes  the  salient  features  of  most 
of  the  mines.  During  World  War  II  many  of  the  state 's 
mercury-bearing  areas  were  studied  in  detail  by  mem- 
bers of  the  U.  S.  Geological  Survey.  In  recent  years 
reports  of  these  investigations  have  been  published  by 
the  California  Division  of  Mines:  Knoxville  district, 
Averitt  1945 ;  Mayacmas  district,  Bailey  1946 ;  Walibu 
mine,  Bailey  and  Swinney  1947;  New  Idria  district, 
Eckel  and  Myers  1946 ;  New  Almaden  mine,  Bailey  1951 ; 
Cachuma  district,  Skaggs  Springs,  Everhart  1950;  Sul- 
phur Bank  mine,  1946;  Oakville  district,  Fix  and 
Swinney  1946 ;  Guerneville  district,  Myers  and  Everhart 
1948 ;  Altoona  mine,  Swinney  1950 ;  Panoche  district, 
Yates  and  Hilpert  1945,  Mayacmas  district,  1946).  Al- 
though the  mercury  deposits  of  the  Coast  Ranges  prov- 
ince have  formed  under  similar  geologic  conditions, 
they  show  marked  differences  in  the  character  and  grade 
of  the  ore  and  the  nature  of  the  gangue  and  host  rock, 
as  well  as  in  the  age  of  the  host  rock  and  size  of  the  ore 
bodies. 

The  relatively  few  mercury  mines  in  California  that 
are  outside  of  the  Coast  Ranges  province  are  even  less 
similar.  The  mercury  deposits  in  the  Diamond  Creek 
area  of  Del  Norte  County  are  reported  to  occur  as  fis- 
sure fillings  in  altered  diorite;  and  as  replacements  in 
felsite  masses  intruding  sheared  serpentine,  (Cater  and 
Wells,  1953).  In  the  Beaver  Cree.k  area  of  Siskiyou 
County,  cinnabar  has  been  deposited  as  fracture  fillings 
in  metamorphic  rocks.  Cinnabar  at  the  Altoona  mine 
in  northeastern  Trinity  County  has  been  deposited  in 


narrow,  steeply  dipping  ' '  veins ' '  along  fault  zones  in 
porphyritic  diorite  (Swinney,  1950). 

The  Walibu  (Cuddeback)  mine,  10  miles  northwest 
of  Tehachapi  in  Kern  County,  is  the  southernmost  of 
several  mercury  occurrences  along  the  eastern  flank  of 
the  Sierra  Nevada.  Here,  mercury  ore  occurs  in  one  of 
a  number  of  rhyolite  dikes  which  have  intruded  granitic 
rocks  of  the  Sierra  Nevada  batholith.  Cinnabar,  the  only 
mineral  of  economic  importance,  "encrusts  fra'fiture 
walls,  fills  small  breccia  veins  .  .  .  and  is  disseminated  as 
minute  crystals  through  the  more  altered  rhyolite" 
(Bailey  and  Swinney,  1947). 

Small  amounts  of  quicksilver  have  been  obtained  from 
Recent  hot  spring  deposits  in  the  Coso  district  of  south- 
western Inyo  County.  The  mercury  deposits  in  this  area 
consist  of  small  irregular  cinnabar  veins  in  altered  tuffs 
and  altered  granite.  Silicification  and  kaolinization  of 
the  host  rocks  has  been  intense.  In  a  deposit  near  Tustin, 
Orange  County,  cinnabar  and  native  mercury  are  asso- 
ciated with  small  veins  of  barite  in  country  rock  of 
Tertiary  sandstone. 

Mining  and  Treatment  Methods.  As  mercury  deposits 
ordinaril3'  occur  in  poorly  defined  and  irregular  zones 
that  generally  are  parallel  to  or  in  fault  zones,  system- 
atic exploration  is  difficult.  Where  cinnabar  stringers 
cross  the  zone  these  are  first  explored  by  trenches  and 
shallow  underground  workings.  The  occasional  ore  bodies 
that  are  thus  encountered  are  worked  by  conventional 
stoping  methods.  The  "heavy  ground"  which  is  char- 
acteristic of  Coast  Ranges  mines  requires  substantial 
support,  and  square-set  timbering  is  employed  in  large 
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stopes.  Small,  narrow  ore  shoots  are  worked  by  open 
stopes  or  stnlled  stopes.  During  World  War  II  the 
shortage  of  miners  encouraged  installation  of  mechani- 
cal loaders,  scraper  hoists,  and  "jumbo"  drilling  equip- 
ment for  drifting  in  the  larger  mines.  Since  mercury 
ore  bodies  are  irregular  and  generally  unpredictable  in 
location,  size,  and  grade,  few  deposits  are  adaptable  to 
large  scale  shovel  mining.  Selective  shovel  mining  has 
been  employed  successfully  on  a  limited  scale  near  old 
shallow  underground  workings,  on  dumps  and  as  an 
aid  to  field  up-grading  of  very  low  grade  deposits. 

The  extraction  of  mercury  from  its  ores  is  essentially 
a  distillation  process  commonly  referred  to  as  "burn- 
ing." Heating  the  ore  in  the  presence  of  air  oxidizes  the 
sulfur  and  frees  the  contained  mercury  as  a  vapor,  which 
condenses  to  the  pure  metal  on  cooling.  The  sulfur  is 
discharged  to  the  atmosphere  as  sulfur  dioxide  gas. 
Simple  though  the  process  may  be  in  theory,  many  types 
of  retorts,  furnaces  and  condensers  have  been  used  with 
varying  degrees  of  success.  The  ore  is  ' '  burned ' '  in  two 
general  ways.  One  method  utilizes  indirect  heat  and  is 
similar  to  baking;  the  other  utilizes  direct  heat  and  is 
termed  "roasting." 

In  the  "baking"  method,  cylindrical  or  semi-cylindri- 
cal iron  tubes  (retorts),  placed  horizontally  or  on  a 
slant  over  brick  fire  boxes,  are  partly  filled  with  ore 
crushed  to  minus  1-inch  size.  Each  retort  is  sealed  except 
for  a  vapor-outlet  pipe  in  which  condensation  of  mercury 
can  take  place.  Retorting  is  a  batch  process  and  the 
operation  follows  a  cycle  of  charging,  heating,  cooling, 
and  withdrawal  of  burned  ore.  The  use  of  retorts  is  most 
adaptable  to  a  small  mine  producing  high-grade  ore 
that  averages  more  than  1  percent  mercury.  Many  re- 
torts have  successfully  treated  three  charges,  totalling 
about  a  ton  of  ore,  per  24  hour  day.  As  a  retort  can  be 
easily  constructed  at  small  expense  nearly  every  mine 
has  its  own  refinery.  Some  small  mines  produce  suffi- 
cient ore  to  operate  a  battery  of  retorts. 

Greater  ore  capacity  and  efficiency  with  more  con- 
tinuous operation  is  gained  in  the  various  mechanical 
furnaces  built  to  roast  ore  by  direct  heat.  For  this 
purpose,  the  horizontally  inclined  rotary  furnace  and  the 


Figure  4.  Looking  eastward  along  Big  Sulfur  Creek  toward 
I  lie  furnace  plant  of  Buckman  Mines  near  The  Big  Geysers,  West- 
•  rn  Majacmas  district,  Sonoma  County.  Buckman  Mines  has  been 
actively  developing  and  producing  from  the  former  Culver  Baer 
.ind  Dewey  mines  during  recent  years. 


Figure  5.  Concentrating  cinnabar  sand  by  use  of  a  rocker  on 
James  Creek,  Napa  County.  James  Creek  receives  drainage  from 
the  Oat  Hill  dump  and  other  mines  in  the  Eastern  Mayacmas 
district. 

stationary  vertical  furnace  are  now  used  almost  uni- 
versally. The  Gould  rotary  kiln  was  installed  first  at 
New  Idria  in  1918.  It  revolves  on  a  slightly  inclined 
axis  and  the  ore,  crushed  minus  2-inch  size,  usually 
moves,  generally  counter-currently,  toward  the  heat 
source  at  the  lower  end.  Nearly  complete  extraction  of 
the  mercury  is  accomplished,  and  the  vapors  are  drawn 
off  at  the  upper  end  through  a  cyclone  dust  collector. 
The  flow  of  gases  is  stimulated  by  a  suction  fan.  Mercury 
condenses  from  the  vapor  in  banks  of  vertical  pipes 
joined  alternately  at  the  top  and  bottom  with  TJ  connec- 
tions. Liquid  mercury  is  collected  under  water  which 
seals  the  hopper  openings  in  the  lower  pipe  connections. 

The  rotary  kiln  operates  with  increased  fuel  economy 
and  overall  efficiency  compared  to  the  older  type  of 
furnaces,  and  in  addition  eliminates  most  of  the  hazards 
of  mercury  poisoning  which  attended  their  operation.  A 
much  lower  grade  of  ore  can  be  profitably  handled  by 
a  rotary  furnace  than  by  a  retort.  During  World  War  II, 
when  the  price  of  mercury  was  about  $175  per  flask, 
the  feed  to  many  rotary  furnaces  averaged  a  quarter  of 
a  percent  mercury,  or  5  pounds  of  mercury  per  ton  of 
ore.  During  1955  when  the  price  of  mercury  was  about 
$270  per  flask  many  potential  operators  were  seeking 
large  deposits  of  3-  to  4-pound  ore. 

The  Nichols  Herreshoff  multiple  hearth  furnace  has 
been  successfully  used  to  treat  mercury  ores.  The  fur- 
nace operates  on  a  feed  of  minus  l:|-inch  size.  It  consists 
essentially  of  an  upright  cylinder  having  a  number  of 
horizontal  hearths  over  which  the  ore  passes  in  travel- 
ing from  top  to  bottom  of  the  furnace.  Horizontal  arms 
or  rabbles  attached  to  a  rotating  vertical  shaft  running 
through  the  center  of  the  furnace,  draw  the  ore  toward 
openings  through  which  it  falls  from  hearth  to  hearth. 
Heated  air  and  ore  vapors  are  drawn  through  the  fur- 
nace and  delivered  to  the  condensers  by  a  counter-cur- 
rent blower  system.  This  type  of  furnace  is  currently  in 
use  at  the  Cordero  mine  in  Nevada. 

Marketing.  After  liquid  mercury  is  recovered  from 
its  ores  by  distillation,  it  is  "  bottled ' '  and  sent  to  market 
in  a  state  of  comparatively  high  purity  known  as  "prime 
virgin."  The  U.  S.  Government  in  its  mercury  purchase 
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FlGTiRE  6.  New  headframe  at  the  Mount  Diablo  mine,  Contra 
Costa  County.  This  construction  was  made  in  1953  under  the  U.S. 
Government  DMEA  program  for  the  exploration  of  domestic  de- 
posits. Ore  bin  is  at  right  center. 


program  states  that  it  will  purchase  "prime  virgin 
mercury  which  is  99.9%  chemically  pure  and  is  'clean 
and  bright.'  "  The  product  from  mines  in  the  United 
States  ordinarily  meets  these  requirements. 

In  the  primary  market  the  flask,  consisting  of  76 
pounds  of  mercury,  is  the  unit  upon  which  all  trans- 
actions are  based.  This  quantity  of  mercury  is  packaged 
or  ' '  bottled  "  in  a  wrought  iron  or  steel  container  known 
as  a  flask,  and  these  containers  can  be  purchased  from 
the  firms  mentioned  below  at  prices  ranging  from  50 
cents  to  $2  apiece,  depending  on  the  demand.  The  con- 
tainers are  used  repeatedly  and  have  been  known  to  last 
more  than  50  years  in  ordinary  service. 

Buyers.  San  Francisco  by  virtue  of  its  industry  and 
central  location  with  respect  to  the  mercury  mines  is  the 
locus  of  the  primary  market.  The  large  mercury  pro- 
ducers, the  principal  industrial  users  and  many  mercury 
dealers  maintain  representatives  in  this  city.  Some  of 
the  mines  are  affiliated  with  chemical  companies  which 
use  the  entire  mine  output.  The  small  mine  lessees  and 
partnerships  usually  sell  their  output  to  mercury  dealers 
who  in  turn  resell  to  their  customers  in  industry.  Some 
of  the  California  firms  who  purchase  mercury  from  mine 
operators  are : 

F.  W.  Berk  &  Co.,  Coast  Chemical  Division 

55  New  Montgomery  St.,  San  Francisco 
Braun  Corporation 

2200  E.  15th  St.,  Los  Angeles 
Buckman  Mines 

Geyser  Road,  Cloverdale 
Goldsmith  Bros.  Smelting  and  Refining  Co. 

3918  Foothill  Blvd.,  Oakland 
H.  W.  Gould  &  Co. 

Mills  Bldg.,  San  Francisco 
Los  Angeles  Chemical  Co. 

1960  South  Santa  Fe  Ave.,  Los  Angeles 
Mefford  Chemical  Co. 

1026  Santa  Fe  Ave.,  Los  Angeles 
Pacific  Vegetable  Oil  Co. 

407  Sansome  St.,  San  Francisco 
Quicksilver  Producers  Association 

407  Sansome  St.,  San  Francisco 
U.  S.  Government,  General  Services  Administration 

49  Fourth  Street,  San  Francisco 


Figure  7.  Construction  of  a  two-tube  Rossi  type  ore-l)uriiing 
retort  underway  at  the  New  Almaden  property  in  Santa  Clara 
County.  Numerous  groups  of  lessees  tire  oirrently  active  at  this 
mine. 

Regulations  governing  the  purchase  by  the  U.  S.  Gov- 
ernment of  domestic  and  Mexican  mercury  for  the 
national  stockpile  were  announced  July  6,  1954,  by  the 
General  Services  Administration.  The  program  called 
for  buying  a  maximum  of  125,000  flasks  of  domestic 
mercury  and  75,000  flasks  of  Mexican  metal.  Purchases 
are  to  be  made  until  this  amount  has  been  obtained  or 
until  December  31,  1957,  whichever  occurs  first.  The 
price  paid  is  to  be  $225  per  76  lb.  flask,  f.o.b.  delivery 
point,  with  duty  paid  by  the  vendor  ($19)  in  the  case 
of  the  Mexican  material. 

Under  the  regulations,  persons  desiring  to  supply 
mercury  were  required  to  signify  their  intentions  to  do 
so  in  writing,  or  by  telegram,  to  the  Regional  Director 
of  General  Services  Administration,  49  Fourth  Street, 
San  Francisco,  California. 

A  producer  must  notify  the  Regional  Director  at  least 
30  days  in  advance  of  an  intention  to  ship.  Prime  virgin 
mercury  which  is  99.9  percent  chemically  pure  and  is 
"clean  and  bright"  will  be  accepted  in  minimum  lots  of 
five  flasks.  While  the  wrought-iron  or  steel  flask  is  stand- 
ard, GSA  may  accept  deliveries  in  other  containers,  of 
similar  material,  which  are  nominally  the  same  size  and 
shape.  But  all  units  in  any  given  delivery  must  be  in 
the  same  size  and  shaped  containers. 

Government  inspectors  will  examine  material  arriving 
at  the  appropriate  depots  and  will  make  the  final  de- 
cision as  to  whether  or  not  the  material  meets  specifica- 
tions. Rejected  shipments  must  be  removed  at  the 
vendor's  expense. 

Price.  The  price  per  flask  in  New  York  is  quoted 
weekly  in  the  Engineering  and  Mining  Journal  Metal 
and  Mineral  Markets  report,  and  this  quotation  is  in 
turn  based  upon  recent  sales  to  consumers.  During  1953 
the  price  quoted  in  San  Francisco  by  one  prominent 
buyer  ranged  from  $4  to  $10  below  the  New  York  quo- 
tations for  the  same  period.  This  differential  covered 
the  cost  of  freight  to  New  York  and  handling  charges 
such  as  insurance,  local  drayage,  storage,  and  marketing 
profit.  During  the  periods  of  rapidly  rising  prices  be- 
tween July  1950  and  January  1951,  and  between  March 
and  October  1954  the  San  Francisco  quotation  often 
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Figure  9.  Mining  native  mercury  from  ground  underlying  the 
old  Knox  brick  furnace  at  the  Guadalupe  mine,  Santa  Clara 
County.  The  dragline  feeds  the  washing  plant  where  mercury  and 
some  cinnabar  are  recovered  in  Ainsley  bowls. 

exceeded  the  New  York  quotation.  The  Engineering  and 
Mining  Journal  New  York  quotation  of  October  7,  1954, 
was  $325-$330  per  flask,  an  all-time  high. 

History  of  Price  and  Production.  In  1824  the  first 
recorded  discovery  of  cinnabar  in  the  United  States  was 
made  in  the  hills  south  and  west  of  San  Jose,  Santa 
Clara  County,  California.  This  locality  later  became  the 
site  of  the  famous  New  Almaden  mine.  The  red  mineral 
was  not  recognized  as  cinnabar  and  it  was  unsuccessfully 
treated  for  the  recovery  of  silver.  Twenty  years  passed 
before  it  was  accurately  identified.  Mercury  was  suc- 
cessfully extracted  about  1846  and  a  ready  market  for 
the  metal  was  provided  by  the  nearly  simultaneous  be- 
ginning of  gold  mining  in  the  Sierra  Nevada. 

Mercury  was  essential  to  the  placer  miner  in  recov- 
ering gold  from  the  pan,  the  rocker,  and  the  sluice  box. 
As  the  gold  rush  grew  in  importance  so  also  did  mercury 
mining.  This  trend  was  manifested  by  the  increase  in 
production  from  7,723  flasks  in  1850  to  an  all-time  peak 
of  79,396  flasks  in  1877.  Much  of  this  metal  came  from 
the  very  rich  ore  of  the  New  Almaden  deposit.  In  the 
years  following  1850  many  other  deposits  were  found  in 
various  counties.  The  first  recorded  production  at  the 
Guadalupe  mine  was  in  1857,  the  New  Idria  in  1858, 
the  Knoxville  in  1862,  and  the  Aetna  mines  in  1864, 
the  Great  Western  in  1873,  the  Sulphur  Bank  in  1874, 
and  the  Mt.  Jackson  (Great  Eastern)  in  1875. 


Many  other  smaller  mines  contributed  to  the  record 
production  ranging  from  50,000  to  nearly  80,000  flasks 
per  year  during  the  years  1875-82  inclusive.  The  price 
fell  rapidly  from  the  $105.18  average  of  1874  to  $28.23 
a  flask  in  1882,  when  a  10  percent  ad  valorem  duty  was 
placed  on  imports  of  mercury.  It  was  a  period  of  over- 
production despite  the  large  consumption  for  gold  amal- 
gamation in  hydraulic  mining  and  in  pan  amalgamation 
at  lode  gold  mines. 

In  the  following  years  the  duty  on  imported  mercury 
was  changed  several  times,  but  the  price  did  not  appre- 
ciably improve  until  World  War  I.  An  average  price  of 
$114  per  flask  was  reached  in  1918,  but  by  1921  it  had 
dropped  to  $44.56.  Following  World  War  I  the  uncer- 
tainty of  prices  hindered  development  of  the  mines  and 
reserves  of  ore  were  at  a  low  point.  The  rich  deposits  of 
New  Almaden  appear  to  have  been  nearly  exhausted 
before  1895,  but  moderate  production  continued  until 
1925. 

In  1922  the  duty  was  increased  to  $19  per  flask  and, 
with  growing  industrial  activity,  a  new  impetus  was 
given  to  mercury  mining.  The  price  reached  an  average 
of  $118.34  per  flask  in  1928,  and  a  moderate  gain  in 
production  was  made  up  to  1931  when  13,478  flasks 
were  recovered.  Economic  conditions  forced  the  price 
down  to  $52.30  in  1932.  The  New  Idria  mine  was  the 
principal  source  of  mercury  in  California  from  1895 
until  1932  when  operations  were  greatly  curtailed  by 
the  depression  and  the  belief  that  the  mine  was  nearly 
exhausted. 


1  ,      ,11.     Ledge  of  resilicified  quartz  brecci;i  ("iriyiii;;   nieta- 

einnabar  and  cinnabar  cropping  out  at  surface  at  Valley  View 
mine,  Panoche  district,  San  Benito  County.  View  northwest  show- 
ing road,  ore  bin  and  ore  chute  from  shallow  underground  workings. 


Figure  11.  Surface  insuilUnloii^  .'it  the  New  Idria  mine,  San 
Benito  County.  This  mine  is  California's  largest  current  producer 
of  mercury.  Ore-crushing  plant  at  left,  kiln-house  at  right,  camp 
in  upper  right  background. 

The  start  of  Civil  War  in  Spain  and  growing  tension 
in  Europe,  however,  created  a  shortage  of  mercury  in 
the  late  thirties.  Prices  rose,  mining  was  stimulated  and 
production  climbed  from  the  low  point  of  4,102  flasks 
in  1933  to  33,948  flasks  in  1943.  The  price  reached 
$184.58  (average)  for  1942.  In  February  1942  a  ceiling 
price  of  $191  per  flask  f.o.b.,  shipping  point,  was  placed 
on  California  mercury  by  the  Federal  Office  of  Price 
Administration.  In  the  six-year  period  1940  to  1945 
inclusive,  covering  the  duration  of  World  War  II,  the 
price  ranged  from  $113.14  to  $184.58,  averaging  nearly 
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FiGUBE  12.     Geologic  section  across  the  New  Idria  mine.  From  Eckel,  Yates,  and  Myers,  19Ji(i. 


$159.00  per  flask  at  San  Francisco.  For  the  same  period 
average  production  was  26,285  flasks  per  year. 

Purchase  contracts  of  the  U.  S.  Government  were 
cancelled  in  1944.  The  price  dropped,  production  de- 
clined, and  this  downward  trend  in  domestic  mercury 
production  remained  unchecked  for  5  years. 

After  an  initial  post  World  War  II  slump,  consump- 
tion continued  at  a  higher  rate  than  during  any  recent 
peace  time  period.  Virtually  all  use-classifications  shared 
in  this  increase,  including  construction  of  mercury 
boiler  plants  and  the  construction  of  chlorine  and  caustic 
soda  plants  which  use  mercury  electrolytic  cells.  World 
supplies  of  mercury  were  more  than  ample  in  the  post 
war  period  and  the  increased  consumption  was  largely 
supplied  by  metal  imported  from  low-cost  mines  in 
Spain,  Italy  and  Yugoslavia. 

The  pertinent  factors  influencing  the  post-war  mer- 
cury industry  were:  (1)  large  stocks  of  mercury  here 
and  abroad,  (2)  world  production  capacity  at  record 
height,  (3)  the  extreme  need  of  dollar  credits  by  foreign 
Countries,  (4)  the  low  production  cost  of  Spanish,  Ital- 
ian, and  other  foreign  producers. 

A  cartel,  Mercurio  Europeo,  once  controlled  the  mar- 
keting of  both  Spanish  and  Italian  quicksilver.  This 
organization  later  marketed  only  the  Spanish  output 
which  is  obtained  principally  from  the  fabulous  Almaden 
Mines.  The  richness  of  the  ore  of  Almaden  exceeds  by 
far  any  other  mercury  deposit  in  the  world.  With  the 
added  advantage  of  lower  labor  cost,  Spanish  mercury 
can  be  shipped  to  the  United  States,  carry  a  $19.00  per 
flask  import  tariff  and  still  be  profitably  sold  at  a  figure 
below  domestic  cost  of  production. 

Low  mercury  prices  accompanied  by  increased  costs 
of  mine  operation  resulted  in  the  closing  of  nearly  all 
the  domestic  mines.  By  1950,  California  production  had 
fallen  to  3850  flasks,  the  lowest  level  in  28  years;  and 
production  in  the  United  States  fell  to  the  lowest  level 
in  100  years.  Only  one  major  domestic  mine,  the  Mt. 
Jackson  in  Sonoma  County,  was  in  continuous  operation 


in  1950.  In  June  of  the  same  j'ear  the  quoted  price  in 
New  York  had  fallen  to  $70-$72  per  flask. 

The  outbreak  of  war  in  Korea  late  in  June  1950  re- 
sulted in  a  series  of  sharp  advances  in  price  which 
culminated  in  a  New  York  quotation  of  $225-$227  per 
flask  in  January  1951.  A  few  mines  were  reopened  and 
production  increased  slightly  during  the  next  2  j'cars. 

Under  the  Defense  Production  Act  of  1950,  mercury 
was  classed  as  a  strategic  mineral,  and  mercury  mines 
became  eligible  for  U.  S.  Government  exploration  loans. 
Eight  California  mines  received  financial  assistance: 
the  Abbott,  the  Altoona,  the  Granada,  the  New  Almaden, 
the  New  Idria,  the  Mt.  Diablo,  the  Oceanic,  and  the 
Walibu.  At  New  Almaden  an  unsuccessful  drilling  ex- 
ploration program  was  begun  in  1951  and  completed 
in  1952.  At  New  Idria  an  underground  exploration  pro- 
gram was  begun  in  1952  at  the  northwest  end  of  the 
mine.  This  work  proved  successful  and  a  new  ore  zone 


Figure  1.3.  Headframe  and  ore  treatment  plant  at  the  Lions 
Den  mine,  Cachuma  district,  Santa  Barbara  County.  This  mine 
was  a  producer  during  World  War  II. 
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Figure  14.     Geologic  section  across  the  Cachuma  district,  Santa  Barbara  County.  After  Everhart,  1950. 


was  found.  Additional  loans  were  granted  in  1953  and 
1955  to  continue  exploration  in  the  West  Idria  and 
Molino  areas.  At  Mt.  Diablo  an  underground  exploration 
program  was  begun  late  in  1953,  was  suspended  during 
1954,  but  was  resumed  in  1955  after  a  change  in  man- 
agement at  the  mine ;  only  small  showings  were  discov- 
ered. The  drilling  program  at  the  Walibu  mine  was 
unsuccessful.  A  large  new  ore  body  was  developed  under 
the  government  program  at  the  Abbott  mine.  Explora- 
tion work  at  the  Altoona  mine  did  not  begin  until  the 
latter  part  of  1955.  Work  is  still  in  progress  here  as 
well  as  at  the  Granada  and  Oceanic  mines. 


The  price  of  mercury  hovered  around  the  $200  per 
flask  level  during  the  3-year  period  January  1951  to 
January  1954.  The  price  structure  exhibited  renewed 
vigor  during  the  second  quarter  of  1954  and  resumed 
its  upward  trend  reaching  an  all-time  peak  of  $330  per 
flask  in  October  1954.  The  belief  was  widespread  that 
federal  purchases  of  mercury  for  use  in  the  atomic 
energy  program  were  reducing  the  available  supply  and 
were  responsible  for  the  increase  in  price  during  the 
year. 

Meanwhile,  on  July  6,  1954,  the  General  Services  Ad- 
ministration announced  a  program  for  the  purchase  of 
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Taile  J.     Annual  amount  and  value  of  mercury  produced  in  California,  1850-1955. 


I'lasks,  as  tabulated  herein,  contained  76J  lbs.  from  1850  to  May  1904.  Inclusive;  75 

from  June  1904  to  1927,  inclusive;  76  lbs.  from  1928  to  date.  Sources  of  informa- 

I  used  In  preparing  tills  table  are:  1850-83,  a  table  by  J.  B.  Randol  published  In 


Report  4  of  the  State  Mineralogist,  p.  336;  1883-93,  reports  of  the  U.  S.  Geological 
Survey;  1894-1946,  compiled  by  State  Division  of  Mines;  1947-1955  compiled  by  U.  S. 
Bur.  Mines. 


Year 


1850.. 
1851.. 
1852.. 
1853-. 
1854.. 
1855.. 
1856.. 
1857.- 
1858- 
1859- 
1860.. 
1861.. 
1862.. 
1863.. 
1864.. 
1865.. 
1866.- 
1867.. 
1868.. 
1869.- 
1870- 
1871.. 
1872.- 
1873.. 
1874.. 
1875- 
1876- 
1877.. 
1878.. 
1879.. 
1880.. 
1881.. 
1882.. 
1883.. 
1884.. 
1885.. 
1886- 
1887- 
1888- 
1889.. 
1890.. 
1891.. 
1892.. 
1893. 
1894. 
1895. 
1896. 
1897- 
1898. 
1899. 
1900. 
1901. 
1902. 
1903. 


Flasks 


7,723 
27,779 
20,000 
22,284 
30,004 
33,000 
30,000 
28.204 
31.000 
13.000 
10.000 
35,000 
42,000 
40,531 
47,489 
53,000 
46,550 
47,000 
47,728 
33,811 
30,077 
31,686 
31,621 
27,642 
27,756 
.50,250 
75,074 
79,396 
63,880 
73,684 
59,926 
60.851 
52.732 
46,725 
31,913 
32,073 
29,981 
33,760 
33,250 
26,464 
22,926 
22,904 
27,993 
30,164 
30,416 
36,104 
30,765 
26,691 
31,092 
29,464 
26,317 
26,720 
29,552 
32,094 


Value 


S768,052 
1,859,248 
1.166.600 
1,235,648 
1,663,722 
1,767,1.50 
1.549.500 
1  ,,374.381 
1,482.730 
820,690 
535,500 
1,471.750 
1,526,700 
1,705,544 
2,179,745 
2,432,700 
2,473,202 
2,157,300 
2,190,715 
1,551,925 
1,725,818 
1.999.387 
2.084,773 
2,220,482 
2,919,376 
4,228,.5.S8 
3.303.2,56 
2.961,471 
2,101,6.52 
2.194.674 
1,857,706 
1,815,185 
1,488,624 
1,343,344 
973,347 
986,245 
1.064.326 
1,430,749 
1,413,125 
1,190,880 
1,203,615 
1,036,406 
1,139,595 
1,108,527 
934,000 
1,337,131 
1,075,449 
993,445 
1,188,626 
1,405,045 
1,182,786 
1,285,014 
1,276,524 
1, 335,954 


Average 

price  per 

flasl< 


$99.45 
66.93 
.58.33 
55.45 
55.45 
53.55 
51.65 
48.73 
47.83 
63.13 
53 .  55 
42.05 
36.35 
42.08 
45.90 
45.90 
53.13 
45.90 
45.90 
45.90 
57.38 
63.10 
65.93 
80.33 

105.18 
84.15 
44.00 
37.30 
32.90 
29.85 
31.00 
29 .  83 
28.23 
28.75 
30.50 
30.75 
35.. 50 
42.38 
42.50 
45.00 
52.50 
45.25 
40.71 
36.75 
30.70 
37.04 
34.96 
37.28 
38.23 
47.70 
44.94 
48.46 
43.20 
42.25 


Year 


1904.. 
1905.. 
1906.. 
1907.. 
1908.. 
1909.. 
1910.. 
1911.. 
1912.. 
1913.. 
1914.. 
1916.- 
1916-- 
1917-- 
1918-- 
1919-. 
1920.. 
1921-- 
1922-- 
1923-- 
1924-- 
1925.. 
1926.. 
1927.- 
1928-. 
1929- . 
1930.. 
1931.. 
1932.. 
1933.. 
1934.. 
1935-- 
1936-- 
1937.- 
1938.. 
1939.. 
1940.- 
1941-- 
1942-- 
1943-- 
1944-- 
1945- . 
1946- . 
1947.. 
1948- . 
1949- . 
1950- . 
1951-. 
1952-. 
1963- . 
1954- 
195S-. 


Flasks 


Totals - 


28,876 

24,655 

19,516 

17,379 

18,039 

16,217 

17,665 

19,109 

20,600 

15,661 

11,373 

14,199 

21,427 

24,382 

22,621 

15,200 

10,278 

3.1.57 

3,466 

5,4.58 

7,948 

7,683 

5,892 

6,488 

7,107 

10,152 

11,374 

13,478 

6,349 

4,102 

7,946 

9,363 

8,768 

9,995 

12,171 

11,201 

18,907 

26,612 

30,087 

33,948 

28,097 

21,063 

17,804 

17,165 

11,188 

4,493 

3,850 

4,282 

7,241 

9,290 

11,262 

9,500 


Valu 


2,670,100 


1,086,323 

886,081 

712,334 

663,178 

763,620 

773,788 

799,002 

879,205 

866,024 

630,042 

557,846 

1,167,449 

2,003,425 

2,396,466 

2,579,472 

1,353,381 

775,527 

140,666 

191,851 

332,851 

.543.080 

621.831 

616,.382 

714,418 

844,649 

1,195,705 

1,255,257 

1,121,624 

279,780 

229,472 

,534,135 

628,590 

671,0.55 

837,789 

846,497 

1,105,563 

3,209,7.54 

4,509,041 

5,553,3.57 

6,177.1,59 

3,178.969 

2,697,835 

1,648,758 

1,437,397 

855,770 

367,014 

313,000 

899,777 

1,441,683 

1,793,249 

2,977,660 

2,765,600 


$159,017,958 


Average 

price  per 

flask 


37.62 

36.94 

36.50 

38.16 

42.33 

47.71 

45.23 

46.01 

42.04 

40.23 

49.05 

81.52 

93.50 

98.29 

114.03 

89.04 

76.45 

44.66 

55.35 

60.98 

68.33 

80.81 

87.64 

111.67 

118.84 

117.78 

110.36 

83.22 

52.30 

55.94 

67.22 

67.23 

76.62 

83.82 

69.65 

98.43 

169.77 

176.03 

184.58 

181.96 

113.14 

128.08 

92.61 

83.74 

76.49 

79.46 

81.26 

210.13 

199.10 

193.03 

264.39 

290.35 


(NY) 
(NY) 

(NY) 
(NY) 
(NY) 

(NY) 
(NY) 
(NY) 
(NY) 


125,000  flasks  of  domestic  mercury  by  December  31, 
1957  at  the  price  of  $225  per  flask.  This  announcement 
1  had  the  effect  of  establishing  a  floor  price  on  domestic 
1  mercury  for  a  3^-year  period  and  initiated  a  scramble 
for  inactive  deposits.  By  March  1,  1956,  the  open  mar- 
ket price  had  declined  to  $265  per  flask.  Only  a  token 
quantity  of  domestic  mercury  was  purchased  under  the 
stockpile  program  during  the  first  two  years  of  its 
operation  because  the  market  price  was  at  all  times 
above  the  Government  price.  Domestic  production,  how- 
ever, is  increasing  and  the  outlook  for  mercury  mining 
appears  favorable. 

Utilization.  The  domestic  consumption  of  mercury 
in  1954  (exclusive  of  possible  unreported  atomic  energy 
uses)  totaled  42,796  flasks.  This  total  was  distributed 
in  generally  recognized  use  categories  as  follows  (U.  S, 


Bur.  Mines,  1955)  :  33  percent  in  the  manufacture  of 
electrical  apparatus,  21  percent  in  the  manufacture  of 
industrial  and  control  instruments,  18  percent  in  agri- 
culture, 7  percent  in  miscellaneous  uses,  5  percent  as 
dental  mercury,  5  percent  in  electrotytic  cells,  4  percent 
in  pharmaceuticals,  3  percent  in  general  laboratory  use, 
1  percent  in  catalysts,  1  percent  in  antifouling  paint, 
I  percent  in  amalgamation  and  ^  percent  in  munitions. 
This  distribution  is  shown  graphically  in  the  accom- 
panying chart.  These  percentages  vary  from  year  to 
year,  and  many  of  the  uses  annually  account  for  mark- 
edly different  proportions  of  the  total  consumption  in 
the  United  States. 

Mercury  is  a  metal  which  is  obtained  from  its  ores 
in  a  high  state  of  purity.  Since  it  is  a  liquid  at  ordinary 
temperatures  it  may  be  used  where  metallic  properties 
are  desirable,  but  where  solid  metals  are  unsuitable. 
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The  useful  properties  of  mercury  and  the  manner  in 
which  they  are  employed  can  be  readily  demonstrated 
by  briefly  reviewing  the  use  categories  mentioned  above : 

1.  Electrical  apparatus. 

As  an  excellent  conductor  of  electricity,  mercury  is 
particularly  useful  in  relay  tubes,  switches,  rectifiers, 
oscillators,  various  vapor  lamps,  neon  signs,  and  bat- 
teries. 

2.  Industrial  and  control  instruments. 

The  high  density  of  mercury  and  its  property  as  a 
conductor  of  heat  are  used  effectively  in  thermometers, 
heat  control  devices,  barometers,  weightometers,  gas- 
pressure  gages,  gas  analysis  apparatus,  flow  meters, 
compensating  clock  pendulums,  vacuum  pumps,  gyro- 
compasses, and  clutches. 

3.  Agriculture. 

As  an  important  element  in  the  manufacture  of  or- 
ganic and  inorganic  compounds  used  in  agriculture,  mer- 
cury enters  into  the  preparation  of  seed  disinfectants, 
turf  fungicides  (ethyl  mercury  phosphate),  and  anti- 
septic plant  germicides.  Some  of  these  are  products  used 
as  a  fungicide  in  the  paper  pulp  industry  (phenyl  mer- 
curic acetate),  to  prevent  the  formation  of  mold  in  paper 
pulp.  They  are  used  extensively  in  the  paint  and  varnish 
industry  both  as  preservatives  and  as  fungicides.  During 
the  war  they  were  applied  as  mildew  rot  preventatives 
for  fabrics  and  leather. 

4.  Dantal  Mercury. 

Mercury  is  a  good  solvent  for  gold,  silver,  bismuth, 
cadmium,  lead,  sodium,  tin  and  zinc:  consequently  it  is 
easily  contaminated.  Solutions  of  silver,  copper,  tin,  and 
zinc  in  mercury,  known  as  amalgams,  are  used  exten- 
sively as  dental  materials. 


5.  Electrolytic  cells. 
The  electrical  conductivity  and  amalgamation  of  mer- 
cury are  utilized  in  the  electrolytic  preparation  of  caustic 
soda  and  chlorine  from  a  saline  solution.  At  the  mercury 
cathode  a  sodium  amalgam  is  produced  which  immedi- 
ately is  converted  into  a  caustic  soda  solution  of  highi 
concentration  and  purity. 

6.  Pharmaceuticals. 

Inorganic  compounds  of  mercury  are  known  as  mer- 
cury salts.  Some  inorganic  compounds  of  mercury  are 
poisonous  and  are  used  in  medicine  as  antiseptics  (mer- 
curic chloride,  mercury  cyanide),  as  germicides  (mer- 
curic iodide),  and  as  prophylactics.  Many  organic  com- 
pounds such  as  phenyl  mercuric  acetate,  a  powerful  I 
germicide,  are  also  pharmaceuticals. 

7.  General  laboratory. 
Regulators,    electrodes,    pressure    generators,    liquid 

pistons,  agitators  and  seals  for  water-soluble  gases,  are 
some  of  the  devices  employing  mercury  in  general  lab- 
oratory service. 

8.  Catalysts. 

Mercury  salts  are  used  in  the  manufacture  of  some 
organic  compounds  such  as  synthetic  acetic  acid. 

9.  Antlfouling  paint. 

Mercuric  oxide  is  used  in  making  paint  for  ship  bot- 
toms. Salt  in  the  seawater  converts  the  oxide  to  poisonous 
mercuric  chloride  which  kills  marine  animals  that  attach 
themselves  to  the  hull  of  the  ship. 

10.  Amalgamation  (see  4  above). 
The  extraction  of  gold  from  its  ores  by  amalgamation 

with  mercury  was  onee  the  principal  use  of  mercury. 
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Figure  17.     Chart  showing  price  of  mercury,  1850-1955. 


1940 
Figure  18.     Chart  showing  production  of  mercur.v  in  California  and  the  United  States,  1850-1955. 
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CONSUMPTION     OF     MERCURY    IN     THE    UNITED    STATES^ 

1954 


Coiolysls  1.4% 

Antifouling     paint  1.2  % 

Amalgamation  0.5% 

Hflunitions  0.2% 

U.  S.  Bureou    tulines    1955,  Mercury  in  1954  :    Mineral  IVlOfket  Report   MMS  2443. 

Figure  19.     Chart  showing  principal  uses  of  mercury 
in  the  United  States  during  1954. 


The  consumption  for  this  purpose  is  now  at  a  very  low 
level  because  of  the  small  amount  of  gold  being  mined  in 
the  United  States. 

11.  Munitions. 

Some  compounds  of  mercury  are  explosive.  In  the  past, 
large  quantities  of  mercury  were  consumed  in  the  pro- 
duction of  mercury  fulminate  for  use  as  a  detonator  in 
munitions  and  blasting  caps.  Several  other  materials  are 
now  being  substituted  for  mercury  fulminate  and  its  use 
is f diminishing,  except  in  time  of  war. 

12.  Power  Generators. 

Among  the  miscellaneous  industrial  applications  of 
mercury  is  its  use  in  steam  power  generation.  This  sys- 
tem combines  the  mercurj'-yapor  cycle  with  the  steam 
cycle  to  produce  power  frbhr  fuel  with  a  thermal  effi- 
ciency far  greater  than  possible  ffom  the  steam  cycle 
alone.  The  essential  equipment  includes  a  mercury  boiler 
in  which  mercury  is  vaporized  and  conducted  through 
a  turbine  to  generate  electricity.  The  mercury  vapor  is 
then  condensed  and  the  heat  evolved  is  used  to  convert 
water  to  steam  for  the  operation  of  a  steam  turbine 
electric-generator.  The  application  is  most  effective  in 
areas  deficient  in  sources  of  hydro-electric  power  and 
low-cost  fuels. 


Utilization  in  California. 

The  consumption  of  prime  virgin  mercury  in  Califoi 
nia  is  estimated  to  be  about  10  percent  of  the  nations 
total,  or  a  maximum  of  5,000  flasks  per  year.  This  i 
roughly  equal  to  about  half  the  current  California  pre 
duction. 

The  principal  indu.strial  outlet  for  prime  virgin  mei 
cury  produced  in  California  is  to  manufacturers  of  mei 
curials,  mercury  salts,  pharmaceuticals,  agricultura 
products,  and  instruments,  whose  plants  are  located  out 
side  the  state.  A  large  quantity  of  these  manufacturei 
products  are  returned  to  California  and  distributei 
widely  throughout  the  state.  An  important  quantity  o 
prime  virgin  mercury  produced  in  California  is  con 
sumed  locally  in  the  preparation  of  red  mercuric  oxidi 
which  is  sold  to  California  paint  companies  and  used  ii 
the  manufacture  of  antifouling  paint.  A  small  quantit; 
of  prime  virgin  mercury  is  consumed  in  California  ii 
the  maintenance  of  industrial  instruments  such  as  flo\ 
meters,  and  in  the  manufacture  of  electronic  devices 
Some  prime  virgin  mercury  is  used  also  in  gold  minini 
in  California  to  recover  gold  and  silver  from  the  ore 
of  the  lode  mines,  and  from  gravels  on  the  dredges  anc 
in  other  placer  mines. 

Industrial  Specifications.  Many  descriptive  name« 
are  used  in  industry  in  an  attempt  to  designate  th. 
various  grades  of  mercury  which  are  available  in  th< 
ordinary  channels  of  trade.  These  names  may  be  dividec 
into  two  classes :  those  that  mean  something  and  thos« 
that  do  not. 

Such  titles  as  Technical,  CP  (Chemically  Pure),  Tri 
pie  Distilled,  and  Cathodic,  while  they  may  imply  th' 
method  of  manufacture,  give  no  hint  as  to  the  aetua; 
purity  of  the  product.  On  the  other  hand  such  designa 
tions  as  ACS,  NF,  ADA,  and  USP  indicate  that  a  prod 
uct  meets  certain  specifications  publicly  available  ano 
publicly  accepted  for  certain  uses. 

Impurities  of  mercury  are  of  two  kinds:  undissolve( 
foreign  matter  (dirt,  rust  or  scale  from  flasks,  oil,  water 
etc.)  which  floats  on  the  mercury  and  can  be  removec 
by  simple  filtration;  and  dissolved  impurities  (usuallj 
metals)  which  render  the  mercury  less  fluid  and  Imparl 
other  undesirable  effects.  Usually  these  impurities  ar« 
detected  by  examining  the  appearance  and  the  residui 
after  ignition. 

Some  of  the  "public  specifications"  of  common  knowl 
edge  are  listed  in  the  accompanying  table  2.  ; 

As  can  be  seen  there  is  a  vast  range  in  the  allowahh 
residuek-on  ignition.  Rather  than  market  these  grades 
individually,  d  manufacturer  may  select  the  various 
grades  which  can  be  produced  in  commercial  quantities 
in  accordance  with  good  commercial  practice,  give  cael 
grade  a  trade  name  and  then  show  on  his  labels  the 
specification  that  the  mercury  meets.  Grades  of  mei-curj 
for  sale  by  one  large  manufacturer  of  mercury  producti 
are  shown  in  the  accompanying  table  3. 

Other  firms  label  mercury  as  "Special  Instrunieni 
grade,"  "Precision  tube  mercury,"  etc.  Some  firms  list 
"Redistilled."  Thus,  fundamentally,  there  are  really 
only  four  commercial  grades.  Prime  Virgin,  ADA,  XF 
IX,  and  ACS  because  only  these  grades  are  defined  in 
terms  of  specifications  which  are  publicly  available. 
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Appearance 

VCS    (American  Chemical   Society) Bright,  free  from  scum 

VF  IX    (National  Formulary) Bright,  globular 

\1)A    (American  Dental  Association) "     ,  mirrorlil<e 

Military  Specifications : 

MIL-M-191A  &  B-Grade  I   "      ■  "         ,  free  from  scum 

-Grade  II "      ,  "         , 

V'eterans  Administration-VA-D-23 "      ,  "  , 

USP  (U.  S.  Pharmacopeia)   This  is  obsolete  and  not  brought  up  to  date. 
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Residue  on 
ignition 
0.0005% 
0.01% 
0.02% 

0.10% 

0.005% 

0.02% 


Prime  Virgin 

vi 

Technical 
'  1  Cleaned   Virgin 

Triple  Distilled 


Reagent  Cathodic 


Talle  S. 

Mercury  as  it  comes  from  the  mines,  99.9  percent  pure.  Meets  MIL-M-191A  Grade  I.  Only  available  in  iron  flasks, 
76  lbs.  net.  No  label. 

Prime  Virgin  cleaned  and  filtered  and  repacked  into  10,  5,  and  1  lb.  jugs.  It  is  not  "redistilled"  or  "triple  dis- 
tilled."  Meets  MIL-M-191A,  Grade   I   specification.   No   analysis  is  shown  on  the  label. 

"Triple  distilled"  or  "redistilled"  mercury  meeting  NF  IX,  ADA,  MIL-M-191A  Grade  II,  and  VA-D-2.3  specifica- 
tions. Only  available  in  lacquer-lined  iron  flasks,  76  lbs.  net.  No  label  (guaranteed  "triple  distilled"  NF  IX  quality 
when  packed). 

Jlcets  NF   IX,  MIL-M-191A  Grade   II,  and  VA-D-23  specifications.  Only  available  in  10,  5,  1  lb.  bottles  or  jugs. 

Label    analysis 
Maximum  impurities — Conforms  to  NF  and  ADA  Specifications 

Non-volatile    , 0.001% 

Insoluble    in    HNO3 0.000% 

Base  metals 0.00% 

Meets  ACS  specifications.  Only  available  in  10,  5,  1  lb.  bottles  or  jugs. 

Label    analysis 
Maximum  impurities — Conforms  to  ACS  Specifications 

Non-volatile   matter    0.0000% 

Insoluble   matter 0.0000% 

Foreign   matter  0.0000% 
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MICA 

Muscovite,  Mica  Schist,  Vermiculite  and  Biotite 
By  Lauren  A.  Wright 


Although  coarse-grained  museovite  mica  occurs  in 
egmatite  bodies  in  California,  none  of  these  deposits 
as  become  a  continuing  and  profitable  source  of  musco- 
ite  of  any  commercial  grade.  Flake  mica,  however,  has 
een  obtained  locally  in  California  from  extensive  oc- 
urrences  of  mica  schist.  Such  material  has  been  quarried 
ear  Ogilby,  Imperial  County,  since  the  late  1920 's  and 
or  shorter  periods  from  deposits  in  southern  Mariposa 
!ounty,  and  near  Hodge,  San  Bernardino  County.  Seri- 
ite-rich  materials  are  mined  in  the  Victorville-Barstow 
rea  of  San  Bernardino  County  and  in  the  White  Moun- 
ains  of  Mono  County. 

Sheet  museovite,  which  is  unflawed  and  hence  suited 
3  use  in  electrical  equipment,  is  a  strategic  material  in 
^hich  the  United  States  is  not  self-sufficient.  Recent 
rogre.ss  in  the  development  of  synthetic  museovite,  how- 
g^ver,  may  lead  to  an  alleviation  of  this  shortage.  In  Cali- 
»i  ornia,  little  or  no  market  exists  for  unfabrieated  sheet 
lica,  although  large  quantities  of  mica-bearing  parts  for 
lectronic  equipment  are  shipped  into  the  state  by 
astern  manufacturers.  Each  year  several  thousand  tons 
f  ground  scrap  mica  are  marketed  in  California,  mainly 
or  use  as  a  paint  extender.  This  is  obtained  mostly  from 
eposits  in  India  and  the  southeastern  United  States, 
^he  mica  schist  that  is  mined  in  California  is  used 
lostly  as  a  lubricant  for  roll  roofing. 
Vermiculite,  an  expansible  mica  which  is  employed 
s  an  insulating  material  and  light-weight  aggregate,  is 
rought  into  California  from  Idaho  and  from  the  Union 
f  South  Africa.  It  is  expanded  at  plants  in  the  Los 
ingeles  and  Sacramento  areas. 

Mineralogy  and  Geology.  "Mica"  is  a  general  term 
or  a  group  of  aluminum  silicate  minerals  with  nearly 
erfect  basal  cleavage  which  permits  them  to  be  split 
ato  thin  sheets.  Such  sheets,  when  bent,  are  tough,  flex- 
ble,  and  elastic — properties  that  distinguish  the  micas 
rom  other  minerals  that  they  otherwise  resemble. 

Muscovite  (H2KAl3(Si04)3),  the  so-called  "white 
lica"  is  bj'  far  the  most  abundant  mica  of  commerce 
nd  is  the  mineral  ordinarily  implied  in  the  commercial 
se  of  the  group  name.  Pine-grained  museovite  is  termed 
ericite.  Phlogopite  ((H,K,Mg,F)3MgAl(Si04)3)  closely 
esembles  museovite  and  is  used  for  some  of  the  same 
urposes,  but  in  very  few  localities  does  it  form  deposits 
f  commercial  interest.  Biotite  ( (H,K)2(Mg,Fe)2Al2- 
8104)3),  or  "black  mica,"  is  very  common,  but  of  little 
conomic  value.  Vermiculite  ((0H)2(Mg,Fe)3(Si,Al,- 
^e)4)Oio4H20,  an  expansible  mica,  is  a  low-cost  mate- 
ial  used  mostly  as  an  insulating  material  and  as  a  light- 
weight aggregate.  Lepidolite  (K,Li(Al(0H,P)2) )  and 
innwaldite  ((K,Li)3FeAl3Si50i6(OH,P)2)  are  commer- 
ial  sources  of  lithium  (see  section  on  lithium  in  this 
olume)  and  roscoelite  ('H8K(Mg,Fe)  (A1,V) 4 (8103)12) 
as  been  an  ore  of  vanadium. 

Muscovite  is  common  in  most  bodies  of  granitic  rocks 
nd  in  many  bodies  of  metamorphic  and  sedimentary 
ocks,  but  only  an  exceedingly  small  proportion  of  these 
ceurrences  constitutes  economic  sources  of  museovite. 


Coarse-grained  museovite  is  restricted  to  pegmatite 
bodies  and  even  in  these,  museovite  concentrations  that 
are  large  enough  and  rich  enough  to  have  been  x)rofitably 
mined  are  uncommon  except  in  a  relatively  few  districts. 
Such  concentrations  ordinarily  occur  in  zoned  rather 
than  unzoned  pegmatite  bodies,  and  generally  are  re- 
lated in  space  to  the  zonal  structures.  In  some  peg- 
matites the  museovite  has  formed  largely  or  wholly  as 
a  primary  mineral  during  the  initial  consolidation  of  the 
rock,  but  in  other  pegmatites,  it  also  occurs  with  albite 
in  bodies  that  have  replaced  parts  of  the  original  zones. 
In  some  pegmatites  individual  zones  are  uniformly  mus- 
eovite-rich  and  can  be  mined  in  their  entirety  through 
lateral  and  vertical  distances  of  several  hundred  feet, 
but  museovite  concentrations  of  commercial  interest 
ordinarily  occur  as  plunging  shoots  within  individual 
zones  or  along  the  contacts  between  zones.  Most  of  the 
productive  shoots  have  contained  10  percent  to  lo  per- 
cent museovite,  and  some  are  many  tens  of  feet  long. 

The  museovite  obtained  from  such  deposits  consists 
of  "books"  that  range  from  a  small  fraction  of  an  inch 
to  several  inches  or  even  several  feet  in  diameter.  The 
mined  product  is  divided  on  the  basis  of  quality  into 
(1)  "sheet  mica"  which  is  clear,  flat,  and  free  enough 
from  defects  to  be  suited  for  shaping  into  items  that  are 
used  in  certain  appliances,  especially  electrical  equip- 
ment, stoves,  and  lamps;  and  (2)  "scrap  mica"  which 
consists  of  pieces  too  small  or  too  defective  to  be  used  as 
sheet  mica. 

Only  an  estimated  2  to  3  percent  of  the  total  volume 
of  museovite  removed  from  the  tj'pieal  sheet  mica- 
bearing  pegmatite  is  ultimately  sorted  out  and  sold  as 
sheet  mica.  The  recovery  of  sheet  mica  is  most  hindered 
by  the  existence  of  structural  imperfections  in  the  mica 
crystals,  and  the  most  common  of  these  are  "reeves" 
which  are  minute  striations  or  narrow  folds  in  the  plane 
of  cleavage;  "wedging"  in  which  complex  structures 
are  caused  by  the  interlayering  of  sheets  of  inef[ual 
size;  "warping"  which  is  characterized  by  ribs  and 
ripples  that  are  larger  and  more  widely  spaced  than 
reeves;  and  "ruling"  which  consists  of  well-defined 
parting  planes  at  an  angle  of  nearly  67°  with  the  cleav- 
age plane  (Jahns  and  Lancaster,  1950).  Sheet  mica  also 
is  reduced  in  value  by  the  existence  of  tiny  gas  bubbles, 
inclusions  and  intergrowths  of  other  minerals,  and  coat- 
ings or  staining  by  secondary  minerals  and  organic 
materials. 

The  profitable  removal  of  mica  concentrations  in  many 
pegmatites  depends  largely  upon  the  proportion  of  re- 
coverable sheet  mica  that  they  contain.  Some  pegmatite 
districts,  including  those  in  California,  contain  virtually 
no  sheet  mica,  whereas  the  mica  output  of  some  of  the 
deposits  in  North  Carolina  has  contained  as  much  as 
10  percent  sheet  mica.  In  the  United  States  a  relatively 
small  proportion  of  the  pegmatite  operations  has  been 
worked  successful^  on  scrap  museovite  alone. 

The  world's  most  productive  museovite  districts  are  in 
India  and  Brazil,  where  mica-bearing  pegmatites  are 
very  numerous.   Although   not  extraordinarily   rich   or 
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Figure  1.     Index  map  of  southern  part  of  California  showing  locations  of  mica  operations. 


large,  the  deposits  have  been  extensively  developed  by 
cheap  labor.  Since  the  end  of  World  War  II  these  and 
other  foreign  sources  have  supplied  all  but  a  small  frac- 
tion of  the  sheet  mica  consumed  in  the  United  States 
(Dietrich  and  Thomson,  1955,  p.  9). 

Considerably  more  than  one-half  of  the  mica  produced 
in  the  United  States  has  been  obtained  from  a  pegma- 
tite district  that  extends  from  central  Virginia  south- 
ward to  central  Alabama  and  centers  in  North  Carolina 
(Jahns  and  Lancaster,  1950;  Jahns,  Griffitts,  and  Hein- 
rich,  1952).  Within  this  area  muscovite-bearing  pegma- 
tites and  larger  bodies  of  other  silicic  rocks,  all  probably 
of  late  Paleozoic  age,  are  instrusive  mostly  into  pre- 
Cambrian  ( ? )  metamorphic  rocks.  Nearly  5,000  of  the 
pegmatites  have  been  mined  or  seriously  prospected,  and 
many  of  them  were  opened  in  the  period  1875  to  1900. 
From  1914  to  1955  the  district  yielded  about  31  million 
pounds  of  sheet  muscovite,  much  of  which  was  obtained 
from  several  hundred  small,  part-time  operations.  The 
other  muscovite-bearing  pegmatites  of  commercial  inter- 
est in  the  United  States  are  widely  scattered,  but  most 
of  them  are  in  New  England  (Cameron  et  al.,  1954) 
and  South  Dakota  (Page  et  al.,  1953).  In  1956,  the 
nearest  of  the  actively  worked  sources  of  scrap  mica  to 
California,  was  the  Capitan  mine  in  the  Petaca  district 
of  northern  New  Mexico   (Jahns,  1946,  p.  190).  Here, 


mica-bearing  pegmatite  was  being  mined,  beneficiated 
and  ground  by  the  Petaca  Mica  Company,  Santa  Pe. 

The  mica  schists  of  the  world  contain  an  incomparably 
greater  volume  of  muscovite  than  do  pegmatites.  In  the 
schists,  however,  the  muscovite  is  much  finer  grained 
and  is  intimately  mixed  with  other  minerals,  principally 
quartz  and  feldspar.  When  ground,  the  schist  is  called 
"flake  mica"  as  distinguished  from  scrap  mica  which 
is  purer.  In  general,  the  mica  schists  that  are  mined  arc 
parts  of  very  extensive  terranes  of  metamorphic  rocks 
and  are  available  in  very  large  tonnages.  The  mined 
deposits,  which  are  very  few,  ordinarily  contain  at  least 
10  percent  mica  and  are  near  industrial  centers. 

Large  quantities  of  phlogopite  of  both  sheet  and  scrap 
grade  are  brought  into  the  United  States,  princijialh- 
from  sources  in  Ontario  and  Quebec,  Canada,  and  in 
Madagascar,  but  the  mineral  has  not  been  mined  domes- 
tically. Phlogopite  of  commercial  grade  occurs  in  highly 
metamorphosed  sedimentary  rocks  that  have  been  inti- 
mately invaded  by  granitic  bodies  and  is  generally  be- 
lieved to  be  a  product  of  metamorphism.  The  Canadian 
deposits  are  associated  with  pyroxenite  and  occur  as 
irregular  shoots  or  veins  that  appear  to  have  filled  cavi- 
ties or  fissures.  They  have  been  developed  by  numerous 
shallow  workings  (Spence,  1929). 

Although  the  vermiculite  deposits  of  the  world  have 
been  incompletely  studied,  most  or  all  of  the  deposits 
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(if  commercial  interest  appear  to  be  hydrothermal  altera- 
tidiis  of  ultrabasic  rocks.  Such  an  origin  has  been 
ascribed  to  the  vermiculite  deposits  near  Libby,  Mon- 
tiiiia,  which  are  the  principal  domestic  source.  These 
deposits  contain  many  millions  of  tons  of  rock  bearing 
•  JO  to  95  percent  vermiculite  (North  and  Chandler  1953) 
;ind  supply  most  of  the  vermiculite  consumed  in  Gall- 
ic irnia. 
I 

Localities  in  California.  Although  pegmatites  are 
numerous  in  California,  particularly  in  the  Peninsular 
Ranges  province  of  Riverside  and  San  Diego  Counties, 
none  of  them  has  been  operated  profitably  as  a  source  of 
either  sheet  or  scrap  mica  and  most  of  them  are  virtually 
barren  of  such  material.  Even  the  most  micaceous  parts 
of  the  mica-bearing  pegmatites  generally  average  only  a 
few  percent  museovite,  and  this  ordinarily  is  flawed  by 
structural  imperfections,  especially  by  reeves  and  wedg- 
ing, and,  to  a  lesser  extent,  by  ruling  and  mineral  in- 
clusions. 

All  of  the  recorded  production  of  museovite  from 
pegmatites  in  California  has  been  obtained  from  two 
very  small  operations — at  Alamo  Mountain  in  north- 
eastern Ventura  County  and  at  the  Pegma  mine  in  the 
southern  Death  Valley  area  of  Inyo  County.  The  mica 
property  at  Alamo  Mountain  was  active  during  the 
period  1902-04,  but  has  since  been  idle.  The  deposit 
occurs  in  a  pre-Cretaceous  crystalline  complex,  and  has 
been  described  as  a  museovite  mica  "in  a  feldspar 
gangue,  between  a  granite  hanging  and  a  mica  schist 
footwall"  (Anbury,  1906,  p.  27;  and  Huguenin,  1919, 
p.  763).  Most  of  the  mica  output  was  ground  at  a  small 
mill  near  Piru  Creek  and  was  marketed  for  use  as  a 
lubricant  and  as  a  filler  in  the  manufacture  of  roofing, 
wall  paper,  and  rubber.  Several  hundred  pounds  of 
small  books  of  sheet  mica  are  said  to  have  been  used  in 
the  fabrication  of  washers  and  electrical  insulators. 

The  pegmatite  at  the  Pegma  mine  is  part  of  the  earlier 
pre-Cambrian  complex  that  is  extensively  exposed  in  the 
central  and  southern  parts  of  the  Black  Mountains  in 
east-central  Inyo  County.  In  the  late  1940 's  and  early 
1950 's  several  hundred  tons  of  scrap  mica  were  removed 
from  shallow  surface  and  underground  workings.  In  a 
20-ton  mill  on  the  property,  the  mica  was.  sent  through 
an  impact  mill,  a  cyclone  collector  and  vibrating  screens. 
It  was  bagged  in  sizes  that  ranged  from  plus  20  mesh 
to  minus  200  mesh  (Norman  and  Stewart,  1951,  p.  103). 

The  mica  schist  property  near  Ogilby,  commonly 
known  as  the  Micatalc  deposit,  is  in  the  pre-Cambrian 
Vitrefrax  formation  that  also  includes  the  Ogilby  kya- 
inite  deposit  described  elsewhere  in  this  volume.  This 
formation  is  exposed  in  a  belt,  about  a  mile  long,  on  the 
west  flank  of  the  Cargo  Muchaeho  Mountains  ( Henshaw, 
1942).  Most  of  the  mica  schist  is  in  discontinuous  bodies 
as  much  as  100  feet  thick  and  several  hundred  feet  long. 
The  rock  is  essentially  a  medium-grained  mixture  of 
museovite  and  quartz. 

Since  the  Micatalc  deposit  was  first  worked  in  1929,  it 
has  been  in  nearly  continuous  operation  and  had  yielded 
several  tens  of  thousands  of  tons  of  flake  mica  through 
1!K55.  The  mica  schist  has  been  obtained  from  several 
closely  spaced  quarries,  and  is  sent  through  a  72-ton 
mill  which  contains  a  jaw  crusher,  a  Sturtevant  mechan- 
ical separator  and  Rotex  screens.  It  has  been  used  almost 


wholly  as  a  lubricating  dust  for  the  surfaces  of  rolled 
roofing  and  is  mined,  milled  and  marketed  by  the  "West- 
ern Non-Metallics,  109  North  Vineland,  Puente. 

In  Mariposa  County,  muscovite-quartz  schist  has  been 
mined  in  the  White  Rock  district  about  13  miles  south- 
west of  Mariposa.  The  schist  is  metamorphose  rhyolite 
tuff  of  the  Cosumnes  member  of  the  Upper  Jurassic 
Amador  group  (Bo wen,  1957).  It  is  very  abundant,  but 
the  proportion  of  contained  commercial  material  is  un- 
determined. During  the  period  1937-43,  several  thousand 
tons  of  material  were  removed  from  the  quarry  and 
ground  and  screened  at  LeGrand,  Merced  County.  The 
product  is  said  to  have  been  marketed  as  a  lubricant  in 
the  manufacture  of  automobile  tires. 

The  mica  schist  deposits  near  Hodge  in  San  Bernar- 
dino County  are  part  of  the  Upper  Paleozoic  Hodge 
volcanic  series  (Bowen,  1954,  pp.  151-152),  and  form 
steeply  dipping  tabular  masses  in  other  metavolcanie 
rocks.  Some  of  the  schist  is  composed  almost  wholly  of 
museovite,  but  most  of  it  contains  quartz  in  various 
proportions.  The  schist  was  quarried  during  the  early 
1940 's  when  1,000  or  more  tons  was  removed  and  milled 
by  Kennedy  Minerals  Company  of  Los  Angeles. 

In  Mono  County,  mica  schist,  which  is  said  to  consist 
almost  wholly  of  sericite,  has  been  quarried  at  the  Pacific 
pyrophyllite  mine  of  Huntley  Industrial  Minerals,  Inc. 
It  occurs  in  layers  adjacent  to  the  pyrophyllite  deposit 
(see  section  on  pyrophyllite  in  this  volume). 

An  exceedingly  fine-grained  mixture  of  sericite  and 
quartz,  known  by  the  trade  name  of  Marter-White  and 
quarried  between  Victorville  and  Barstow  in  San  Ber- 
nardino County,  can  be  broadly  classified  as  mica.  In  its 
physical  properties  and  uses,  however,  it  is  more  closely 
allied  with  clay  or  pyrophyllite.  The  material  occurs  in 
several  hydrothermally  altered  zones  in  volcanic  rocks 
of  the  Mesozoic  Sidewinder  series  (Bowen.  1954,  p.  154- 
158;  Pask  and  Bowen,  1954).  Several  tens  of  thousands 
of  tons  have  been  mined,  and  the  reserves  apparently 
are  many  times  larger.  The  rock  is  used  as  an  extender 
and  filler  mostly  in  asphalt-type  coatings,  and  in  battery 
casings  and  other  hard  rubber  objects. 

Each  year  a  small  tonnage  of  biotite  concentrates  is 
marketed  by  Del  Monte  Properties  Company  as  a  by- 
product of  the  magnetic  treatment  of  beach  sand  at 
Pacific  Grove.  The  biotite  is  marketed,  as  flake  mica, 
mainly  as  a  lubricating  agent  for  roll  roofing  surfaces. 

No  vermiculite  or  phlogopite  has  been  mined  commer- 
cially in  California,  but  a  vermiculite  occurrence  at  the 
Asbestos  King  mine,  about  15  miles  southeast  of  Indio, 
Riverside  County,  has  been  seriously  prospected. 

Mining  Methods,  Treatment,  and  Classification.  Most 
of  the  sheet  and  scrap  museovite  that  is  mined  in  the 
world,  is  removed  by  means  of  small,  laboriously  worked 
underground  mines.  In  the  United  States,  these  rarely 
exceed  300  feet  in  depth.  Some  pegmatite  mica  and  vir- 
tually all  of  the  mica  schist  as  well  as  all  of  vermiculite 
mined  in  the  United  States  are  quarried. 

The  preparation  of  sheet  mica  for  use  by  fabricators 
is  done  entirely  by  skilled  hand-labor  and  involves  a 
grading  classification  and  terminology  that  are  perhaps 
the  most  complex  of  any  mineral  commodity.  In  brief, 
this  process  consists  of  (1)  cobbing  impurities  and  de- 
fective mica  from   "mine-run"   or  "book"  mica;    (2) 
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roughly  splitting  and  trimming  by  means  of  fingers; 
(3)  further  splitting  and  trimming  with  a  blade  to  re- 
move the  major  defects;  and  (4)  classification  of  each 
sheet  according  to  size,  degree  of  trimming  and  quality. 
After  classification  most  sheet  mica  is  further  split  and 
knife-dressed  before  it  is  fabricated. 

The  term  "block"  mica  commonly  is  applied  to  reg- 
ularly shaped  sheets  at  least  1^  by  2  inches  on  a  side 
and  0.007  or  more  inches  thick.  High  quality  mica  split 
to  specified  thicknesses  in  the  range  of  0.0012  to  0.004 
inches  is  known  as  "film"  mica.  Material  that  is  smaller 
than  block,  is  termed  "punch"  mica  if  it  can  yield  sheets 
1^  inches  in  diameter  and  "washer"  mica  if  pieces  one 
inch  in  diameter  can  be  produced.  ' '  Circle ' '  mica  can  be 
trimmed  to  sheets  2  inches  in  diameter. 

Nearly  three-fourths  (10.3  million  pounds  in  1953) 
of  the  sheet  mica  consumed  in  the  United  States  are 
known  as  "splittings"  and  consist  of  lower  quality 
pieces  with  a  maximum  thickness  of  0.0012  inches.  As 
splittings  can  be  profitably  produced  only  by  cheap 
labor,  they  are  obtained  onlj'  from  foreign  sources,  prin- 
cipally India. 

Block  and  film  mica  are  graded  according  to  the 
sizes  of  the  largest  usable  rectangles  that  can  be  cut  or 
stamped  from  single  sheets,  and  are  classified  quality- 
wise  by  the  recognition  of  physical  defects  either  by 
visual  inspection  or  by  a  combination  of  visual  inspec- 
tion and  electrical  testing  (Jahns  and  Lancaster,  1950; 
Dietrich  and  Thompson ;  American  Society  for  Testing 
Materials,  1952  and  1953 ;  Dietrich  and  Thompson,  1955 ; 
and  Thompson,  1955  and  1956). 

Scrap  and  flake  mica  are  prepared  for  market  either 
by  dry-  or  wet-grinding  methods.  The  mill  feeds  for  most 
scrap  mica  grinding  operations  range  in  mica  content 
from  about  75  percent  for  material  to  be  used  in  roofing 
to  98  or  more  percent  for  the  highest  quality  grades. 
The  purest  feed  consists  of  rejected  mica  from  trimming 
shops,  and  its  availability  is  tied  directly  to  variations 
in  the  activity  of  sheet  mica  mining.  Most  ground  mica, 
however,  originates  as  ordinary  scrap,  and  most  of  this 
requires  beneficiation  before  grinding.  The  up-grading  of 
scrap  mica  has  been  attempted  in  numerous  ways,  but 
the  only  widely  used  method  consists  merely  of  succes- 
sive crushing  and  screening.  Fragments  of  most  min- 
erals and  rocks  pass  through  screen  openings  much  more 
easily  than  mica. 

The  dry-grinding  ordinarily  is  done  in  high-speed 
hammer  mills  or  disintegrators  from  which  the  mica 
passes  to  rotary  or  vibrating  screens  to  yield  products 
that  range  from  8  mesh  to  100  mesh.  The  material  from 
the  Micatalc  deposit  near  Ogilby,  Imperial  County,  is 
milled  in  this  manner.  At  another  dry-grinding  mill,  the 
Los  Nietos  plant  of  the  Sunshine  Mica  Company,  440 
Seaton  St.,  Los  Angeles,  scrap  mica  brought  in  from  the 
southeastern  United  States  and  India  is  milled. 

In  the  most  common  wet-grinding  process,  a  batch  of 
mica  is  fed  into  a  chaser  mill  in  which  wooden  rollers 
rotate  in  wooden  or  wood-lined  tanks.  Water  is  added 
and,  after  a  several-hour  grinding  period,  the  charge  is 
removed,  dried,  screened  and  bolted  to  sizes  that  range 
from  160  to  325-mesh.  Although  wet-grinding  is  more 
expensive  and  time-consuming  than  dry-grinding,  it 
yields  a  purer  product  with  a  higher  sheen.  No  wet- 
grinding  mica  mills  exist  in  California. 


The  mica  schist  that  is  mined  at  the  Pacific  pyrophji- 
lite  quarry,  Mono  County,  is  ground  to  99.5  percent 
minus  325-mesh  in  a  Raymond  mill  at  Laws,  Inyo 
County,  in  the  same  manner  as  talc  and  pyrophyllite 
(see  corresponding  sections).  The  Marter- White  material 
is  ground,  also  to  99.5  percent  minus  325-mesh,  at  a  simi- 
lar mill  by  the  Southern  California  Minerals  Company 
in  Los  Angeles. 

The  vermiculite-bearing  rock,  mined  at  the  Libby, 
Montana,  deposit,  is  screened  and  the  waste  removed  as 
plus  2-inch  oversize.  The  minus  2-inch  material  is  briefly' 
heated  in  rotary  kilns  to  remove  the  free  water ;  and  next 
screened  and  passed  through  a  crusher  so  that  the  hard 
impurities  may  be  pulverized  and  removed.  The  concen- 
trates are  then  shipped  to  widely  distributed  exfoliating 
plants.  The  exfoliation  yields  a  product  that  generally 
is  8  to  12  times  the  volume  of  the  unexpanded  material. 
The  expansion  is  accomplished  in  vertical  shaft  furnaces, 
usually  at  temperatures  of  1,600  degrees  F.  to  2,000  de- 
grees F.,  in  a  period  of  4  to  8  seconds.  The  product 
is  then  screened  to  sizes  that  range  from  i  inch-20  mesh, 
to  minus  270  mesh. 

In  1956,  three  plants  in  California  were  engaged  in 
exfoliating  vermiculite — two  operated  by  the  California 
Zonolite  Company  (5440  San  Fernando  Road,  Los  An- 
geles 39,  and  208  Jibboom  Street,  Sacramento),  and 
treating  vermiculite  from  Libby,  Montana ;  and  the  other  • 
operated  by  the  La  Habra  Stucco  Company  (1681  Lin- 
coln Avenue,  Anaheim)  and  treating  vermiculite  im- 
ported from  South  Africa. 

Utilisation.  The  most  useful  properties  of  museoviteJi 
are  perfect  cleavage,  high  dielectric  strength,  low  con- 
ductivity of  heat  and  electricity,  heat  resistance,  flexibil- 
it}',  transparency,  noninflammability,  chemical  inertnessj 
sheen,  and  good  lubricating  qualities.  The  first  listed 
properties  are  generally  the  more  important  in  the  use^ 
of  sheet  mica,  whereas  the  last  listed  are  particularly 
significant  in  the  uses  of  scrap  and  flake  mica.  Indeed^ 
the  uses  of  sheet  mica  and  scrap  and  flake  mica  diffet 
so  greatly  that  these  materials  are,  in  effect,  two  sepa-J 
rate  mineral  commodities. 

In  1955,  about  2.4  million  pounds  of  the  4  million- 1 
pounds  of  muscovite  block  and  film  mica  that  was  cut; 
or  stamped  by  fabricators  in  the  United  States,  was  con-  ■ 
sumed  as  insulating  material  in  electronic  equipment. 
(U.  S.  Bur.  Mines  Mineral  Industry  Surveys,  MMS  No. 
2498).  Nearly  nine-tenths  of  the  2.4  million  pounds  wasij 
used  in  radio  and  television  tubes  and  about  one-tenth 
in  capacitors  and  other  electronic  items.  As  phlogopite 
has  a  higher  power  factor  than  muscovite,  it  is  not  used 
in  capacitors  or  other  electronic  devices  that  require  low 
power  loss.  The  remaining  1.6  million  pounds,  which 
consisted  largely  of  lower  quality  sheet  muscovite,  was 
used  mostly  as  insulation  in  flotations,  toasters,  and  other 
household  appliances.  An  additional  6.4  million  pounds, 
in  the  form  of  splittings,  was  used  making  built-up  mica 
(alternate  layers  of  binder  and  irregularly  arranged 
splittings).  Built-up  mica  insulators  are  essential  partsj 
of  electric  motors,  generators,  and  transformers. 

Although  sheet  mica  and  built-up  mica  are  used  abun-| 
dantly  in  electrical  equipment  that  is  made  and/or  sold 
in  California,  no  mica  fabricating  plants  exist  in  th« 
state.  Such  mica  is  fabricated  in  plants  east  of  the  Missis! 
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sippi  River  and  close  to  the  major  production  centers  for 
electrical  equipment. 

Dry-ground  mica  is  employed  mostly  as  a  coating  for 
prepared  roofing  surfaces.  This  is  by  far  the  principal 
use  for  the  flake  mica  mined  in  California.  Dry-ground 
mica  also  is  used  as  a  filler  in  roofing,  and  rubber,  as  a 
constituent  of  wall-board  joint  cements,  paint,  plastics, 
well-drilling  muds,  welding  rod  coatings,  axel  greases 
and  oil,  as  Christmas  tree  snow,  as  thermal  insulation, 
and  for  numerous  other  applications.  Wet-ground  mica, 
including  that  brought  into  California,  is  used  largely 
as  a  paint  extender  and  as  a  filler  in  rubber. 

As  expanded  vermiculite  has  a  very  low  apparent 
specific  gravity,  relatively  high  refractivity,  low  thermal 
conductivity,  and  chemical  inertness,  it  is  most  used  as  a 
thermal  and  acou.stical  insulating  material.  As  loose  fill, 
it  is  placed  in  the  open  spaces  in  walls,  roofs,  and  ceil- 
ings, on  the  roofs  of  furnaces  and  kilns  and  in  a  wide 
variety  of  appliances.  Chemically  treated  expanded  ver- 
miculite is  used  as  aggregate  in  light-weight  concrete  and 
plasters.  All  but  a  very  small  part  of  the  expanded  ver- 
miculite marketed  in  California  is  vised  for  insulation 
or  aggregate.  Other  uses  for  expanded  vermiculite  in- 
clude the  following:  a  constituent  of  various  bonded 
and  molded  articles  used  primarily  for  insulation;  a 
constituent  of  roofing  and  flooring  compositions;  a  soil 
additive;  and  as  a  soil  conditioner.  In  all  of  its  uses, 
vermiculite  is  competitive  with  one  or  more  other  ma- 
terials, principally  diatomite,  expanded  perlite,  pumice, 
volcanic  cinders,  mineral  wool  and  fiber  glass. 

Prices  and  Marketing.  In  1956  the  prices  paid  by 
fabricators  for  the  various  grades  of  sheet  mica  ranged 
from  several  cents  a  pound  for  punch  mica  to  $8  or  more 
per  pound  of  clear  muscovite  in  8  in.  x  10  in.  sheets  or 
larger  (Eng.  and  Min.  Jour.  Metal  and  Mineral  Mar- 
kets). The  General  Services  Administration's  price 
schedule,  established  in  1952  for  purchases  of  domestic 
mica  for  the  national  stock-pile,  ranges  from  $1.60  per 
pound  for  heavily  stained  half -trimmed  circle  and  punch 
to  $70  per  pound  for  clear,  full-trimmed  clear  muscovite 
in  sheets  about  3  inches  on  a  side  or  larger.  The  G.  S.  A. 
also  will  purchase  specified  hand-cobbed  mica  for  $600 
per  ton. 

The  1956  prices  in  North  Carolina  for  wet-ground 
mica  ranged  from  $140  to  $155  per  ton,  depending  on 
fineness  and  quality.  Dry-ground  mica  ranged  in  price 
from  $32.50  to  $70  per  ton.  In  California  the  prices  were 
several  dollars  per  ton  higher  and  unground,  high- 
quality  scrap  mica  was  valued  at  about  $45  per  ton. 
Ground  mica  brought  into  California  from  the  operation 
in  Petaea,  New  Mexico,  was  selling  in  the  Los  Angeles 
area  within  the  general  range  of  $75  to  $120  per  ton. 
In  1956,  the  sericite  mica  which  is  quarried  at  the 
Pacific  pyrophyllite  mine  was  being  sold  in  the  Los 
Angeles  area  for  about  $40  per  ton;  whereas  the  Los 
Angeles  price  for  Marter-White  was  about  $22.50  per  ton 
and  ground  flake  mica  was  valued  at  about  $10  per  ton. 
In  1956,  the  value  of  crude  vermiculite  delivered  in 
California  was  estimated  to  lie  within  the  range  of  $20 
to  $30  per  ton,  depending  upon  quality. 

As  all  of  the  domestic  mica  fabricators  are  in  the 
eastern  United  States,  no  market  for  sheet  mica  has  been 


established  in  California.  Should  a  commercial  source  of 
sheet  mica  be  discovered  in  the  state — an  event  deemed 
unlikely  by  many  members  of  the  mica  industry — the 
operator  could  ship  film  mica  to  fabricators,  or  could 
ship  block  or  film  mica  to  the  government  stockpile  for 
the  duration  of  the  mica  purchasing  program.  Shipments 
to  the  mica  stockpile,  whose  nearest  depot  is  at  Custer, 
South  Dakota,  must  be  in  minimum  lots  of  45  pounds 
for  film  mica  or  1000  pounds  for  hand-cobbed  mica. 

The  only  firm  in  California  known  by  the  writer  to 
be  currently  (1956)  purchasing  scrap  mica,  is  the  previ- 
ously noted  Sunshine  Mica  Company  of  Los  Angeles. 
Although  this  concern  has  purchased  no  scrap  mica  from 
local  deposits,  it  constitutes  a  potential  market  for  ma- 
terial of  plus  95  percent  purity.  Although  no  vermiculite 
has  been  produced  commercially  in  California,  local 
sources  are  sought  by  the  vermiculite-expanding  com- 
panies. None  of  the  California  concerns  that  deal  in  mica 
products  purchases  unground  mica  schist.  The  ground 
scrap  mica  that  is  brought  into  California  is  handled  by 
jobbers  in  the  Los  Angeles  and  San  Francisco  areas. 
The  total  market  in  California  for  all  grades  of  ground 
mica  probably  lies  within  the  range  of  8,000  to  12,000 
tons  per  year. 

Synthetic  Mica.  As  sheet  mica  continues  to  be  a 
strategic  material  in  short  supply,  in  recent  years  much 
research  has  been  directed  toward  the  production  of  syn- 
thetic mica.  Several  methods  that  are  commercially  feasi- 
ble or  nearly  so  have  been  developed  (Dietrich  and 
Thomson,  1956,  pp.  17-18),  but  the  production  of  crys- 
tals larger  than  2  inches  in  diameter  had  not  been  accom- 
plished by  1955.  The  synthetic  mica  was  being  used  to 
form  "reconstituted  sheets"  for  non-strategic  uses. 
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MINOR  METALS 


By  J.  Grant  Goodwin 


■'Minor  metals"  is  a  term  that  is  loosely  applied  to  a 
ui'oup  of  metals  each  of  which  is  uncommon  and  used 
ill  much  smaller  amounts  than  the  common  base  metals. 
I » (.  the  eight  minor  metals  described  herein,  six  are  re- 
overed  from  residues  collected  in  the  smelting  and  re- 
liiiinn-  of  sulfide  ores.  Gallium,  germanium,  indium,  and 
thallium  are  recovered  from  zinc  residues;  selenium  is 
I  I'covei'ed  from  copper  residues,  aiul  rhenium  is  re- 
ivered  from  molybdenum  residues.  Cesium  and  rubid- 
um  are  recovered  from  pegmatite  minerals. 

-Most  of  these  metals  probably  have  been  obtained  from 

Mfs  mined  in  California,  but  no  data  are  available  on 

I  heir  distribution  or  recovery  by  the  custom  smelters. 

Kliie  dusts  and  other  residues  from  American  Smelting 

111(1  Refining  Company's  smelter  at  Selby,  California,  as 

■Acll  as  from  other  western  smelters,  are  treated  at  the 

■  lobe  smelter  in  Denver  where  the  minor  metals  are  re- 

overed  and  refined. 

-Mthough  the  quoted  prices  of  the  minor  metals  in  the 

■fined  state  range  from  a  few  dollars  to  several  hundred 

i')llars  a  pound,  these  prices  partly  reflect  the  cost  of 

■fining,  and  the  producers  of  the  ores  commonly  receive 

i>  payment  for  the  contained  minor  metals. 

^lany  persons  who  are  unaware  of  this  practice  and 

lio  note  that  rare  metals  appear  in  spectrographic  anal- 

M's  of  mineral  or  rock  specimens,  are  apt  to  overesti- 

nate  the  value  of  the  material. 

Cesium  and  Rubidium.  Cesium  and  rubidium  are 
iinilar  in  occurrence,  properties,  and  uses.  Both  are  soft, 
^ilver-white  metals,  liquid  at  near  room  temperature. 
r>()th  are  alkali  metals.  Cesium  has  a  specific  gravity  of 
1.S7  and  rubidium  has  a  specific  gravity  of  1.532.  Both 
iictals  react  with  oxygen  and  water  and,  therefore,  must 
!'■  stored  in  a  vacuum  or  in  an  inert  liquid. 

The  principal  occurrence  of  cesium  and  rubidium  is  in 
he  mineral  pollucite  (hydrous  cesium-alumiiuun  sili- 
ate)  which  occurs  only  as  a  rare  ■  constituent  of  peg- 
iiatites.  Cesium  and  rubidium  are  also  found  in  lepido- 
iti'  (lithia  mica)  which  also  occurs  in  pegmatites.  The 
iiiiieral  pollucite  is  the  principal  source  of  cesium  and 
iibidium;  it  contains  as  much  as  36  percent  cesium 
xide  and  about  3  percent  rubidium  oxide.  Cesium  and 
iibidium  also  are  minor  constituents  of  some  beryl, 
ai-nallite.  and  rhodizite.  Pollucite  has  been  reported  in 
he  pegmatites  of  San  Diego  County,  but  these  occur- 
I'uces  have  not  been  of  commercial  importance. 

Cesium  and  rubidium  because  of  their  sensitivity  to 
iulit  have  been  employed  in  photography,  television, 
iiiualing  devices,  scintillation  counters,  optical  detection 
h'vices,  vapor  lamps  for  infrared  signaling,  and  in 
iil'rared  photography. 

At  present  the  cesium  and  rubidium  supply  is  ade- 
luate  to  meet  the  demand.  The  principal  soiirces  are 
pegmatites  in  Africa,  Brazil,  South  Dakota,  and  Maine. 
Pollucite  ore  containing  about  25  percent  cesium  oxide 
las  been  .sold  at  $400  to  $600  per  ton  in  recent  years, 
is  compared  to  $30,000  per  ton  in  1927  (Sargent,  1956). 
[Cesium  metal  is  quoted  at  $2.00  to  $5.00  per  gram  (Sar- 
gent, 1956). 


Gallium.  Gallium  is  a  gray  metal  which  is  liquid  at 
or  near  room  temperatures.  The  liquid  has  greater  den- 
sity than  the  solid  and  has  low  vapor  pressures  even  at 
elevated  temperatures.  Gallium  remains  a  liquid  over  a 
very  wide  temperature  range  (85.5°  F.  to  3,601°  F.).  It 
has  a  specific  gravity  of  5.9,  it  is  brittle,  and  has  a  hard- 
ness of  1.5  to  2.5  (Mobs'  scale). 

Gallium  is  as  plentiful  as  lead  in  the  earth 's  crust,  but 
is  much  more  widely  dispersed.  Because  of  its  chemical 
similarity  to  aluminum,  gallium  is  concentrated  in  clay- 
rich  soils  and  clay  minerals,  particidarly  in  bauxite.  It  is 
also  concentrated  by  some  plants  and,  therefore,  exists 
in  certain  coal  deposits.  Germauite,  a  complex  zinc-cop- 
per-arsenic-germanium sulfide  which  is  locally  associated 
with  lead-copper  ores  contains  from  0.1  to  0.8  percent 
gallium  (Thompson,  1954).  Although  germanite  con- 
tains the  highest  known  percentage  of  gallium  of  any 
mineral,  its  rarity  excludes  it  as  a  possible  commercial 
source  of  gallium.  Zinc  ores  of  the  Tri-State  (Missouri- 
Oklahoma-Kansas)  district  are  known  to  contain  from 
0.001  to  0.02  percent  gallium  (Thompson,  1954).  The 
gallium  content  of  zinc  ores  from  California  is  not 
known  to  the  writer  nor  has  the  gallium  content  of  Cali- 
fornia coals  and  clays  been  investigated. 

The  uses  of  gallium  are  limited  mainly  because  of  its 
scarcity,  high  cost  of  extraction  and  purification,  and 
its  corrosive  nature.  The  wide  temperature  range 
through  which  gallium  remains  a  liquid  makes  it  of  use 
in  high  temperature  thermometers  and  in  special  use 
alloys.  Gallium  surfaces  will  reflect  a  high  percentage  of 
incident  light  and  for  this  reason  gallium  may  find  use 
in  special  mirrors.  The  Atomic  Energy  Commission  has 
investigated  gallium  as  a  heat  transfer  medium,  but  cor- 
rosion problems  are  great.  The  use  of  radioactive  gallium 
in  the  detection  of  bone  cancer  also  is  being  investigated 
(Dudley,  1949).  Uses  would  probably  iiu>rease  if  a  larger 
and  cheaper  supply  were  available. 

Gallium  is  obtained  commerically  by  the  treatment  of 
residues  from  aluminum  and  zinc  smelting  and  refining. 
Several  chemical  leaching  and  purifying  processes  are 
used  in  the  recovery  of  gallium.  The  principal  pro- 
ducers of  gallium  in  the  United  States  are  Eagle-Pitcher 
Company  and  Aluminum  Company  of  America.  In  1948, 
the  domestic  production  of  gallium  was  about  200  pounds 
and  during  the  same  year  sales  were  estimated  at  100 
pounds  (Thompson,  1954).  In  recent  years,  the  demand 
has  been  very  small  and  production  has  not  been  re- 
ported. The  quoted  price  (American  Metal  Market,  May 
29,  1956)  is  $1,362  per  pound.  This  is  less  than  one- 
tenth  of  the  quoted  price  in  1930.  In  1956  supply  was 
more  than  adequate  to  meet  the  demand.  Twenty  tons 
of  gallium  per  year  probably  could  be  produced  in  the 
United  States  if  the  demand  existed  (Atomic  Energy 
Commission,  1950). 

Germ,anium.  Germanium  is  a  brittle  gray-white 
metal  with  a  hardness  of  6.25  (Mohs'  .scale),  a  specific 
gravity  of  5.32,  a  melting  point  of  958.5°  C.  and  a  boil- 
ing point  of  approximately  2700°  C. 

Germanium  occurs  as  a  minor  constituent  in  the  sul- 
fides of  zinc,  copper,  and  silver,  and  in  trace  amounts 
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in  coal  deposits.  Argyrodite  (silver-germaninm  sulfide) 
contains  from  5  to  7  percent  germanium.  Canfieldite 
(silver-tin-germanium  sulfide)  ideally  contains  1.8  per- 
cent germanium.  Germanite  (copper-zinc-arsenie-ger- 
manium  sulfide)  contains  as  much  as  10  percent 
germanium.  Kenierite  (copper-iron-germanium  arsenic 
sulfide)  averages  about  7  percent  germanium.  Enargite 
(copper  arsenic  sulfide)  from  the  western  United  States 
has  a  maximum  germanium  content  of  about  0.03  per- 
cent (Harner,  1954).  These  minerals  are  rare,  however, 
and  none  has  been  an  important  source  of  germanium. 
Virtually  all  the  germanium  produced  in  the  United 
States  is  recovered  by  the  Eagle-Pitcher  Company  dur- 
ing the  treatment  of  zinc  ores  from  the  Tri-State  district. 
These  ores  yield  sphalerite  (zinc  sulfide)  concentrates 
which  contain  60  percent  zinc,  and  from  0.01  to  0.015 
percent  germanium.  The  germanium  is  extracted  from 
dust  collected  in  electrostatic  precipitators  at  the  zinc 
smelter,  and  is  chemically  leached  and  purified  by  a 
complex  process.  Germanite-  and  renierite-bearing  cop- 
per ore  from  Africa  may  become  the  world's  leading 
source  of  germanium  within  the  next  few  years  (Eng. 
and  Min.  Jour.,  May  1956). 

Germanium,  a  metalloid,  is  of  value  principally  be- 
cause it  is  a  semi-conductor.  This  property  has  made  ger- 
manium of  great  value  in  the  electronic  indu.stry,  where 
it  was  first  used  as  a  diode  crystal  rectifier,  and  later 
in  the  germanium  triode  or  transistor.  The  transistor 
largely  replaced  the  larger,  more  fragile,  and  less  effi- 
cient vacuum  tube  in  many  of  its  applications.  Another 
possible  use  of  germanium  is  in  germanium-gold  alloys 
for  dental  purposes;  the  alloy  expands  upon  solidifica- 
tion. 

The  nonmilitary  consumption  of  germanium  by  the 
electronic  industry  has  risen  from  12,000  pounds  in  1953 
to  an  estimated  39,000  pounds  in  1955  (Sargent,  1956). 
An  estimated  100  tons  of  germanium  is  contained  in  the 
reserves  of  lead-zinc  ore  in  the  Tri-State  district  (Sar- 
gent, 1956). 

The  present  price  of  germanium  is  $44.50  to  $53.50 
per  gram  (Am.  Metal  Market,  May  29,  1956).  This  is 
less  than  one-fifteenth  of  the  price  paid  for  germanium 
in  1940.  The  present  demand  is  strong  and  will  grow 
with  the  electronic  industry.  High-purity  silicon  will 
compete  in  some  fields,  but  is  expensive  to  produce. 

Indium.  Indium  is  a  soft  gray  metal  resembling  tin. 
It  is  softer  than  lead  and  is  extremely  plastic.  It  can 
be  deformed  almost  indefinitely  without  becoming  work 
hardened.  It  is  stable  in  air  and  corrosion  resistant. 
Indium  has  a  melting  point  of  155°  C,  a  boiling  point 
of  1450°  C,  and  a  specific  gravity  of  7.36.  Indium  has 
a  viscosity  that  changes  very  slightly  over  a  wide  tem- 
perature range.  The  metal  has  important  lubricating 
properties,  and  alloys  readily  with  other  metals. 

Indinm  is  not  an  essential  constituent  of  any  of  the 
known  minerals,  but  is  widely  dispersed  in  the  earth's 
crust.  It  is  found  in  proportions  of  as  much  as  one  per- 
cent in  iron-rich  sphalerite,  in  tin  ores,  and  in  tungsten 
ores.  It  also  occurs  in  pegmatites  and  has  been  reported 
in  alunite,  manganotantalite,  phlogopite,  pyrrhotite, 
rhodonite,  samarskite,  and  siderite. 

Because  of  its  mechanical  and  chemical  properties, 
indium  has  a  wide  variety  of  uses  and  a  great  potential 


for  new  uses.  The  principal  use  for  indium  is  in  sleeve-Bj 
bearings  for  aircraft  engines.  In  addition  to  its  lubri-||: 
eating  properties,  indium  hardens  lead,  thus  making  a|  | 
more  durable  bearing.  Indium  also  resists  the  acids  in 
lubricating  oils.  Because  of  the  low  melting  point  of 
indium  alloys,  indium  is  used  in  a  variety  of  special  I 
alloys.   Certain  indium  alloys  such  as  tin-indium  alloy  ' 
are  capable  of  wetting  glass  and  therefore  find  use  as 
glass-to-glass  or  glass-to-metal  seals.  Indium  is  also  used 
in   special   solders,   dental   alloys,   with   germanium  in 
junction-type  transistors,  as  a  color  reflecting  medium, 
as  a  pigment  in  glass,  and  in  the  chemical  industry.  Re- 
search is  being  conducted  on  the  possible  uses  of  indium 
compounds  in  the  electronic  field.  The  oxides,  selenides,; 
and  tellurides  of  indium  are  semi-conductors.  Possible! 
future  applications  for  indium  compounds  include:  (1) 
the  addition  of  indium  to  chromium  plating  baths  to 
reduce  brittleness  of  the  chromium  plate;    (2)   the  use 
of  indium  in  magnetic  alloys;    (3)   the  use  of  indium 
compounds  as  photoconductors  in  electro-photographic 
plates;  (4)  indium  sulfide  phosphors;  (5)  use  of  indium 
compounds    (which   are   semi-conductors)    as   rectifiers; 
(6)  the  use  of  indium  oxide  as  a  resistor;   (7)  the  use 
of  indium  in  small  quantities  as  a  stabilizer  in  semi- 
conductors;  (8)   the  use  of  indium  in  indium-titanium 
alloys  to  increase  strength  and  decrease  ductility ;    ( '^  i 
use  of  indium  in  low-resistance  contacts  in  electrical  cir-, 
cuits;    (10)    the  use  of  indium  as  an  indicator  in  the 
atomic  pile  because  of  the  ease  with  which  indium  isi 
made  artificially  radioactive  by  neutrons  of  low  energy : 
and    (11)    the  possible  use   of  indium  trisulfide  as  ;i 
thermistor  because  of  its  large  negative  coefficient  of 
resistivity  and  its  chemical  and  electrical  stability  at, 
high  temperatures.  i 

Most  of  the  commercial  production  of  indium  is  ob-| 
tained  from  the  chemical  treatment  of  flue  dust  and 
other  residues  at  lead  and  zinc  smelters.  The  current! 
annual  production  in  the  United  States  is  about  10  tons| 
and  it  is  estimated  that  another  90  tons  per  year  isi 
probably  lost  in  residues  not  treated  for  indium  (Sar- 
gent, 1956).  During  the  period  1942-54  the  price  ofj 
indium  dropped  from  $30.00  to  $2.25  per  troy  ounce. | 
The  present  quoted  price  is  $2.25  per  troy  ounce  (Am.j 
Metal  Market,  May  29,  1956).  The  supply  is  sufficientj 
to  meet  the  demand  at  this  price,  but  the  demand  ifj 
expected  to  increase.  i 

!■ 
Rhenium.     Rhenium   is   a  silver-white  metal  with  a 

specific  gravity  of  20.53.  It  has  a  melting  point  of  3440^ 

C.  and  a  boiling  point  of  about  5900°  C.  Rhenium  alloy> 

with  tunersten,  nickel,  cobalt,  tantalum,  platinum,  rlio 

dium,  iridium,  gold  and  iron. 

Although  no  minerals  are  known  that  contain  rhenium  , 
as  an  essential  element,  it  is  widely  dispersed  in  thcj  | 
earth's  crust.  It  is  concentrated  in  molybdenite  in  pro- 1 
portions  of  as  much  as  0.30  percent   (Sargent,  1956) 
Rhenium  is  also  reported  to  occur  in  gadolinite  (a  beryl- 
lium-rare   earth    silicate),    other   rare    earth   minerals 
columbite,  tantalite,  platinum  ores,  copper  sulfides,  and 
manganese  oxides.  \ 

Rhenium  has  found  limited  use  in  industry,  prinei-| 
pally  because  of  its  scarcity  and  high  cost.  High-tom-; 
perature  rhenium-bearing  alloys  with  high  corrosion-j 
resistant  properties   have   been   investigated.   Rhenium  i 
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nay  also  be  used  with  rhodium,  iridium,  and  platinum 
II  thermocouples  which  have  high  electromotive  forces, 
i.'lienium  filaments  may  find  use  in  electronics.  A  number 
if  British  and  American  patents  have  been  issued  for 
•  |)('cial-use  rhenium  alloys  and  catalysts. 

Ixhenium  is  commercially  extracted  from  flue  dust 
isidue  collected  in  the  roasting  of  molybdenite  concen- 
lates  from  Arizona.  The  rhenium-bearing  molybdenite 
Hcurs  in  copper  ore  mined  near  Miami,  Arizona.  Over 
I  10-year  period,  17  tons  of  molybdenite  roaster  flue 
Inst  have  been  chemically  processed  at  the  University 
1  r  Tennessee.  About  240  pounds  of  rhenium  in  the  form 
'f  potassium  perrhenate  have  been  extracted  (Melaven, 
l!i.')4).  Rhenium  metal  is  quoted  at  $900  per  pound 
Sargent,  1956). 

fielenium.  Selenium  is  a  gray  crystalline  solid  with  a 
'iiiimetallic  luster.  It  is  a  semimetal  found  with  and  re- 
nted to  sulfur  and  tellurium.  It  has  a  specific  gravity  of 

I  >il.  a  melting  point  of  217°  C.  and  a  boiling  point  of 
.--S°  C.  Its  physical  and  chemical  properties  are  similar 
I)  those  of  sulfur. 

Selenium  is  found  in  native  sulfur  and  occurs  in  the 
nrm  of  selenides  of  lead,  silver,  copper,  and  zinc. 
■Selenium  is  present  in  many  base  metal  ores  in  propor- 
ions  of  as  much  as  0.02  percent  (Sargent,  1956). 

Selenium  has  a  wide  variety  of  commercial  uses  which 
\<mld  be  even  more  numerous  if  sufficient  supplies  were 
ivailable.  The  oldest  and  one  of  the  largest  uses  for 
-I'lcnium  is  in  the  glass  and  ceramic  industries.  When 
itlded  to  glass  in  small  amounts,  selenium  acts  as  a  de- 
olorizer.  Cadmium-selenium  lithopones  are  used  for 
linking  non-fading  red  paints,  and  cadmium-selenium 
"ds  are  used  in  making  ruby-red  glass  and  glazes.  Per- 
laps  the  most  important  use  of  selenium  at  the  present 
line  is  in  the  electronic  industry  where  selenium,  owing 

II  its  semiconductivity,  is  of  great  value  as  a  rectifying 
Medium.  This  u.se  for  selenium  is  growing  rapidly.  The 

S.  Signal  Corps  is  using  selenium  in  aerial  photogra- 
iliy  in  a  new  printing  process  called  xerography.  Sele- 
liniii  added  to  steel  or  copper  greatly  increases  the  ma- 
,;liiMal)ility  of  the  metals.  Other  uses  for  selenium 
nclu'le:  (1)  an  additive  in  rubber;  (2)  an  antioxidant 
idditive  to  lubricating  oils;  (3)  selenium  dioxide  as  an 
)xidizing  agent  in  the  preparation  of  cortisone;  (4) 
lame-proof  and  corrosion-resistant  coatings  of  fabricated 
products;  (5)  insecticides;  (6)  use  in  photography  in 
photoelectric  cells;  (7)  in  the  oxychloride  form  as  a 
jowerful  solvent;  and  (8)  a  wide  variety  of  industrial 
ihemicals. 

Most  of  the  commercial  output  of  selenium  is  obtained 
Tom  slimes  which  are  a  residue  in  the  electrolytic  refin- 
ng  of  copper.  Blister  copper  contains  about  0.05  percent 
lelenium  (Sargent,  1956).  In  the  United  States  it  is 
iroduced  by  American  Smelting  and  Refining  Company, 
\naconda  Company,  and  Kennecott  Copper  Corporation. 
The  selenium  is  derived  principally  from  the  copper  ores 
)f  Utah,  Arizona,  New  Mexico,  and  the  states  of  Durango 
md  Zacatecas  in  Mexico.  From  1945  to  1955,  domestic 
production  rose  from  about  500.000  pounds  per  year  to 
'00,000  pounds  per  j-ear.  In  1956  the  annual  rate  of 
consumption  in  the  United  States  was  about  1.000,000 
wunds  and  the  demand  was  about  1.500,000  pounds  per 
^ear.  The  price  rose  from  $1.75  per  pound  in  1947  to 


$15  to  $20  per  pound  in  1956.  Commercial  grade  sele- 
nium is  97.2  to  99.94  percent  pure. 

Some  selenium  is  currently  being  recovered  by  Ana- 
conda Company  from  the  processing  of  sulfur  mined  at 
the  Leviathan  sulfur  mine  in  Alpine  County,  California. 
No  other  data  are  available  on  selenium  recovered  from 
California  ores. 

Thallium.  Thallium  is  a  soft  bluish-white  metal  with 
a  specific  gravity  of  11.85,  a  melting  point  of  302°  C, 
and  a  boiling  point  of  1457°  C.  It  alloys  readily  with 
most  other  metals  but  not  with  copper,  aluminum,  man- 
ganese, nickel,  zinc,  and  selenium. 

Thallium  occurs  in  minute  quantities  in  the  sulfides 
of  the  common  metals.  Three  thallium  minerals  are 
known,  but  they  have  not  been  found  in  commercial 
quantities.  They  are:  vrbaite  (sulfide  of  thallium,  ar- 
senic, and  antimony),  loraudite  (sulfide  of  thallium  and 
arsenic),  and  hutchinsonite  (sulfide  of  lead,  thallium, 
silver,  and  arsenic).  Thallium  also  occurs  in  certain 
potash  minerals  (Howe,  1954). 

The  principal  use  for  thallium  is  in  insect  and  rodent 
poisons.  In  these,  thallium  sidfate,  a  tasteless  and  odor- 
less but  very  toxic  chemical,  is  used.  The  photosensitiv- 
ity of  thallium  salts  make  them  of  value  in  scintillation 
counters,  infrared  signaling  and  detection  devices,  as  a 
phosphor  activator,  and  in  various  optical  instruments 
and  lenses.  Thallium  is  of  value  as  a  catalyst  in  the  re- 
duction of  nitrobenzene  by  hydrogen,  and  has  some  me- 
dicinal uses.  A  few  special-use  alloys  have  also  been  de- 
veloped. The  most  promising  is  a  thallium-mercury  alloy 
that  will  not  freeze  in  the  arctic  and  antarctic  regions 
and  in  the  stratosphere.  The  alloy  may  therefore  be  sub- 
stituted for  mercury  in  switches  and  seals  which  must 
operate  at  temperatures  as  low  as  -76°  F. 

Commercial  thallium  is  produced  in  the  United  States 
principally  by  American  Smelting  and  Refining  Com- 
pany. It  is  obtained  from  flue  dusts  and  other  residues 
that  are  recovered  as  by-products  of  the  roasting  of 
pyrite  for  sulfuric  acid  and  of  the  roa.sting  of  lead  and 
zinc  ores.  The  extraction  of  the  thallium  from  these  resi- 
dues is  dependent  largely  upon  the  ease  of  solubility  of 
thallium  in  a  weak  acid.  The  supply  of  thallium  is  suf- 
ficient to  meet  present  demand  and  an  increase  in  de- 
mand caused  by  new  uses  could  easily  be  met.  In  1956 
the  quoted  price  for  thallium  was  $12.50  per  pound 
(Am.  Metal  Market,  May  29,   1956). 
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MOLYBDENUM 


By  Richard  M.  Stewart 


Numerous  occurrences  of  molybdenum  minerals  exist 
ill  California,  and  molybdenum  ore  has  been  produced 
intermittently  in  the  state  since  1916.  Most  of  the  total 
output  has  been  a  by-product  of  the  Pine  Creek  tungsten 
operation  in  Inyo  County  (see  section  on  tungsten),  and 
has  reflected  the  activity  at  this  tungsten  mine.  The  most 
productive  period  in  California  was  1941-43  when  about 
.')|  million  pounds  were  produced.  During  this  period 
California  ranked  among  the  first  six  molybdenum- 
pi'oducing  states.  Annual  production  figures  for  most 
.\('ars  are  not  available,  but  during  19'y2,  when  Califor- 
nia ranked  fifth  as  a  molybdenum  source,  the  Pine 
Creek  tungsten  mine  yielded  about  300,000  pounds  of 
molybdenum  (H.  L.  McKinley,  1953,  personal  communi- 
cation). During  1952,  43,259,000  pounds  of  molybdenum 
were  produced  in  the  United  States. 

Of  all  the  alloying  elements  utilized  in  steel  manufac- 
ture, molybdenum  is  the  only  one  in  which  the  United 
Sitates  is  self-sufficient.  This  country's  molybdenum  re- 
^()urces  constitute  a  larger  percentage  of  known  world 
molybdenum  resources  than  that  of  any  other  metal  in 
common  use  (U.  S.  Bureau  of  Mines,  1948,  p.  144). 

Mineralogy  and  Geology.  Molybdenum  does  not  oc- 
cur free  in  nature;  almost  all  of  the  world's  molybde- 
num is  obtained  from  the  primary  mineral  molybdenite 
QI0S2).  Molybdenite  is  a  soft  (hardness  1  to  1^),  bluish 
lead-gray  mineral  with  a  bluish  to  greenish-gray  streak 
;ind  a  metallic  luster.  It  crystallizes  in  the  hexagonal 
system,  and  most  commonly  occurs  as  flakes  and  foliated 
masses.  It  can  be  distinguished  from  graphite,  which  it 
strongly  resembles,  by  the  violet  color  shown  in  a 
cleavage  crack  and  by  its  lighter  bluish  lead-gray  color. 
Wulfenite  (PbMo04),  a  minor  source  of  molybdenum, 
is  relatively  common  in  the  oxidized  zone  of  some 
galena-  and  molybdenite-bearing  deposits.  Powellite 
i  Ca(Mo,W)04),  an  oxidation  product  of  molybdenite, 
commonly  is  of  little  commercial  importance,  but  both 
tungsten  and  molybdenum  are  recovered  from  it  at  the 
I'ine  Creek  mill. 

Molybdenite  has  a  wide  range  of  geologic  occurrences, 
but  nearly  all  are  genetically  related  to  acidic  igneous 
rocks.  Commercial  quantities  of  molybdenite  have  been 
recovered  from  fissure  veins,  disseminated  replacement 
deposits,  contact-metamorphic  deposits,  and  pegmatites. 
In  the  world's  largest  molybdenum  deposit  at  Climax, 
Colorado,  molybdenite  occurs  with  quartz  and  ortho- 
clase  in  veinlets  within  altered  portions  of  a  granite 
mass.  Although  material  containing  0.7  percent  MoSo 
was  regarded  as  ore  in  the  early  1930s  and  the  average 
Lrrade  of  ore  milled  had  been  0.83  percent  M0S2  (Butler, 
1933,  p.  231),  ore  that  contains  only  5  to  6  pounds  of 
molybdenum  (equivalent  to  0.5  percent  M0S2)  is  now 
being  milled  (Climax,  1954,  p.  5).  A  mine  at  Questa, 
•Xew  Mexico,  yields  molybdenite  from  quartz  veins  in 
LTanite.  Ore  from  this  deposit  averages  about  5  percent 
molybdenite  (Tyler,  1952,  p.  84),  an  unusually  high 
•^rade.  Disseminated  copper  deposits  of  the  western 
I'nited  States  contain  minor  amounts  of  molybdenite. 
The  copper  deposits  at  Bingham,  Utah,  where  molyb- 


denite is  recovered  as  a  by-product,  have  become  the 
world's  second  largest  molybdenum  source.  The  M0S2 
content  here  ranges  from  0.04  to  0.20  percent. 

Contact-metamorphic  deposits,  such  as  those  that  are 
worked  for  tungsten  at  Pine  Creek  in  California,  com- 
monly contain  recoverable  amounts  of  molybdenite. 
Though  molybdenite  is  an  accessory  mineral  in  some 
granites,  pegmatites  and  aplites,  it  rarely  occurs  as  com- 
mercial concentrations  in  these  rocks.  Nevertheless,  a 
small  portion  of  the  molybdenite  mined  in  California 
has  been  obtained  from  ajilite  dikes,  principally  in  San 
Diego  County. 

Some  clays  and  other  sedimentary  rocks,  including 
the  vanadium-bearing  phosphatic  shales  of  Idaho,  Wyo- 
ming and  Montana,  contain  molybdenum  in  proportions 
ranging  from  a  few  hundredths  to  0.1  percent  (Tyler, 
1952,  p.  84).  Molybdenum  possibly  could  be  recovered 
as  a  bv-product  if  these  materials  were  ])rocessed  to  re- 
cover vanadium. 

Localities.  At  the  Pine  Creek  mine  in  Inyo  County, 
the  tungsten-molybdenum  ore  bodies  occur  in  a  contact 
zone  near  the  north  end  and  on  the  west  side  of  an 
elongate  mass  of  metamorphic  rocks  surrounded  by 
intrusive  granite  and  quartz  diorite.  The  contact  zone 
consists  of  tactite,  quartz,  and  quartz-feldspar  rocks. 
The  deposit  and  mine  workings  are  described  in  the 
tungsten  section  of  this  bulletin.  Molybdenite  and  powell- 
ite are  present  in  all  of  the  five  known  ore  bodies.  In 
two  of  these,  molybdenite  occurs  in  well-defined  ore 
shoots  which  are  more  closely  associated  with  the 
quartzose  parts  of  the  contact  zone  than  with  the  taetite. 
Some  ore,  although  containing  scheelite,  was  mined  pri- 
marilv  for  its  molvbdenite  content  (Bateman,  1945, 
p.  238). 

The  molybdenum  content  of  the  ore  mined  has  de- 
creased with  depth.  The  average  grade  of  ore  mined 
from  the  upper  workings  in  the  1940s  ranged  from  0.40 
to  0.45  percent  M0S2  (Bateman,  1945,  p.  238.  Norman, 
1951,  p.  93)  ;  this  is  equivalent  to  0.24  to  0.27  percent 
Mo.  Ore  mined  from  the  Zero-level  workings  in  1952 
contained  0.12  percent  Mo  (H.  L.  McKinley,  1953,  per- 
sonal communication)  and  in  1953  and  1954  contained 
0.096  and  0.097  percent  Mo  respectively  (H.  L.  McKin- 
ley, 1955,  personal  communication). 

Aplite  dikes  in  San  Diego  and  Shasta  Counties  con- 
tain molybdenite  in  small  thin  flakes  scattered  through- 
out. Large  concentrations  of  economic  grade  are  not 
known.  Visual  estimates  of  the  grade  of  molybdenum 
deposits  in  aplite  dikes  are  apt  to  be  too  high  because 
molybdenite's  thin  flaky  habit  makes  it  appear  more 
abundant  than  it  is.  Several  dikes  in  the  vicinity  of 
Ramona  and  Campo,  San  Diego  County,  have  been  ex- 
plored, however,  and  small  amomits  of  molybdenite  con- 
centrates produced  (Tucker,  1939,  pp.  30-31).  On  the 
Bour  deposit  near  Ramona,  a  dike  30  feet  wide  was  ex- 
plored by  an  open  cut  about  110  feet  along  its  strike; 
two  zones,  10  and  50  feet  long,  contained  a  higher  than 
average  concentration  of  molybdenite,  but  even  these 
proved  to  be  of  sub-commercial  grade.  Small  production 
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has  been  reported  from  a  similar  deposit  near  Gibson 
in  Shasta  County  (Averill,  1939,  pp.  168-169).  None  of 
these  deposits  has  been  active  in  recent  years. 

Small  amounts  of  molybdenite  also  have  been  pro- 
duced as  a  by-product  from  a  copper  deposit  in  Plumas 
County  (MacBoyle,  1920,  p.  180),  and  from  a  molybde- 
nite-bearing quartz  vein  in  San  Bernardino  County 
(Wright,  1953,  pp.  121,  t.  93). 

Utilization.  The  demands  made  upon  modern  indus- 
trial technolog.v  to  produce  new  machines  and  equipment 
capable  of  greater  efficiency  and  versatility  and  higher 
speeds  have  in  turn  increased  the  requirements  for 
metals  of  greater  strength  and  hardness  and  possessing 
greater  resistance  to  high  temperatures,  corrosion,  and 
abrasion.  Molybdenum,  as  an  alloying  element  or  as 
pure  metal,  contributes  substantially  to  our  ability  to 
meet  these  requirements.  These  metallurgical  uses  ac- 
count for  nearly  95  percent  of  the  domestic  molybdenum 
consumption. 

Pure  molybdenum  melts  at  2625°  C  (4757°  F),  a 
melting  point  nearly  two  and  a  half  times  that  of  copper, 
about  twice  that  of  steel,  and  exceeded  by  only  four 
other  elements:  carbon,  rhenium,  tantalum,  and  tung- 
sten. Molybdenum  is  heavier  than  copper  or  iron,  having 
a  density  of  10.2  grams  per  cubic  centimeter.  Compared 
with  similar  properties  of  copper,  molybdenum's  ther- 
mal conductivity  is  less  than  a  half,  its  electrical  con- 
ductivity about  one-third,  and  at  room  temperature  its 
coefficient  of  expansion  is  about  30  percent. 

Distribution  of  motyhdemim  hy  vites  for  1952.  derived  from  re- 
ports of  the  National  Production  Authority  (Oeehan.  1951i.  p.  //). 

Metallursical    Total :  94.8  percent 

Steel      63.7 

Gray    iron    and    malleabU 

castiuKs 27.8 

llolybflonum  metal 1.9 

AVelding  electrodes 1.4 

All   other   Total:     5.2  percent 

Paint  and  pigments 1.8 

Catalysts    0.8 

Lubricants     ^  .        _-     0.3 

Miscellaneous  (includes 
chemicals  and  non-fer- 
rous  alloys)    2.3 

Molybdenum  is  one  of  the  most  versatile  alloying 
metals  in  the  production  of  high  quality  steel.  It  has 
no  deoxidizing  or  scavenging  properties,  and  is  used 
strictly  as  an  alloying  element.  Large  amounts  of  mo- 
lybdenum are  substituted  for  tungsten  to  provide  hard- 
ness at  red  heat,  commonly  known  as  "red-hardness," 
in  high-s])eed  steels  used  for  all  types  of  cutting  tools. 
Almo.st  all  nitriding  or  case-hardening  steels  contain 
molybdenum,  which  adds  to  their  strength.  The  addi- 
tion of  molybdenum  to  stainless  steels  increases  their 
resistance  to  chemical  corrosion.  Molybdenum  is  one  of 
the  best  additives  for  providing  high-temperature 
strength  to  steel  alloys,  such  as  those  used  in  jet-propul- 
sion engines,  and  is  one  of  the  few  alloying  elements 
that  does  not  adversely  affect  the  weldability  of  the 
steel.  Molybdenum  is  also  commonly  used  to  improve 
the  strength  and  toughness  of  cast  iron.  The  continuing 
large  scale  development  and  exploitation  of  the  deposit 
at  Climax,  Colorado,  has  been  possible  only  because  of 
the  many  metallurgical  uses. 


Pure  molybdenum  is  a  soft,  ductile,  white  metal  pos- 
sessing a  high  melting  point  and  thermal  conductivity. 
In  recent  years,  considerable  interest  has  been  shown  in 
the  pure  metal  because  of  these  qualities,  and  molybde- 
num has  many  uses  in  the  form  of  finished  rod,  wire,  or 
sheet.  Molybdenum  wire,  0.003  to  0.050  of  an  inch  in 
diameter,  is  used  for  filament  supports  in  incandescent 
lights,  and  grid  elements  in  radio  tubes.  It  is  used  exten- 
sively in  the  form  of  ribbon,  0.006  to  0.010  of  an  inch 
thick,  for  heating  elements  in  electric-resistance  fur- 
naces. Temperatures  up  to  2000°  C  (3632°  F)  can  be 
obtained.  Molybdenum  electrical  contact  points  give 
excellent  results. 

Molybdenite  added  to  oil  or  grease  provides  these 
lubricants  with  special  qualities,  such  as  ability  to  resist 
high  pressures  and  to  give  adeaua+e  lubrication  under 
extremely  low  temperatures.  Molybdenum  as  sodium 
molvbdate  is  important  as  a  trace  element  additive  to 
soil ;  thousands  of  acres  of  once-barren  land  in  Australia 
were  rehabilitated  by  this  use.  Mol.ybdenum  is  also  used 
in  the  preparation  of  inks  and  fast  dyes;  with  nickel  it 
serves  as  a  catalytic  agent  in  the  hydrogenation  of  oils; 
lead  niolybdate  is  an  opacifying  agent  in  the  production 
of  glass  enamels. 

Mining  Methods  and  Treatment.  Most  of  the  ore  at 
the  Pine  Creek  tungsten  mine  is  produced  from  sub- 
level  slopes  that  progress  by  blast-holes  ringed  out  from 
sub-level  drifts;  some  smaller  shrinkage  stopes  are  ac- 
tive. In  contrast  to  this  operation  is  the  large-scale 
block  caving  system  employed  at  Climax,  Colorado. 
During  1954,  expansion  there  was  completed  to  allow  the 
mining  of  about  28,000  tons  of  ore  per  day.  Mcst  of  the 
copper  properties  that  also  j'ield  molybdenite  are  mined 
by  large-scale  open-pit  methods. 

The  milling  and  concentration  of  molybdenum  ore  is 
fairly  simple  inasmuch  as  molvbdenite  is  one  of  the 
minerals  most  amenable  to  the  flotation  process.  Flota- 
tion is  the  standard  concentration  process  for  molyb- 
denite. The  chief  problem  in  the  flotation  of  molybdenite 
is  depressing  copper  sulfides,  but  reagents  have  been 
developed  to  successfully  meet  this  problem. 

For  use  in  the  steel  industry,  molybdenite  concon 
trate  normally  must  be  converted  to  either  molybdi  • 
oxide,  calcium  molybdate,  or  ferromolybdenum.  The 
molybdenite  concentrate  is  first  roasted  to  technical 
grade  molybdic  oxide  at  temperature  controlled  to  pre- 
vent high  volatilization  loss.  This  technical  grade  oxide 
is  the  raw  product  from  which  the  other  molybdenum- 
bearing  materials  are  converted.  Volatilization  of  the 
technical  grade  oxide  in  an  electric  furnace  at  approxi- 
mately 1800°  F  will  form  pure  molybdic-oxide  powder. 

Calcium  molybdate  can  be  made  in  either  of  two 
ways.  Lime  can  be  added  to  the  technical  grade  molybdic 
oxide  while  it  is  still  in  the  roasting  furnace  and  after 
the  sulfur  has  been  vii'tually  eliminated  from  the 
molybdenite,  or  more  commonh',  uncalcined  high-quality 
limestone  can  be  mechanically  mixed  with  the  roasted 
concentrate.  This  "calcium  niolybdate"  normallj-  con- 
tains 46.3  percent  Mo  (Hayward,  1952,  p.  519). 

Ferromolybdenum  is  usually  made  by  the  thermite 
process.  This  process,  as  employed  at  the  Langelotli. 
Pennsylvania,  plant  of  the  Climax  Molybdenum  Com- 
pany  (Wheeler,  1944,  p.  439),  requires  a  mix  of  1300 
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Figure  1.     Summary  of  molybdenum  section,  Pine  Creek  tungsten  mill   (from  text  by  Behme,  1903,  pp.  58-59). 


pounds  of  molybdenum  contained  in  oxide,  116  pounds 
of  impure  aluminum  (93  percent  aluminum),  1122 
pounds  of  ferrosilicon  (50  percent  silicon),  618  pounds 
of  iron  ore  (69  percent  iron),  160  pounds  of  lime,  and 
50  pounds  of  fluorspar  (95  percent  CaF2).  The  mix  is 
dumped  into  a  reaction  pot,  a  bottomless  brick-lined 
steel  shell  set  over  a  shallow  pit  scooped  in  wet  sand, 
and  the  reaction  is  started  by  ignitinj^  the  charge  with 
a  fuse  of  aluminum  and  sodium  peroxide.  The  reaction 
is  complete  in  15  to  20  minutes  and  yields  a  slag-cov- 
ered button  of  ferromolybdenum  weighing  around  2000 
pounds.  It  is  cleaned  of  slag,  after  cooling  and  quench- 
ing in  water,  and  crushed  to  market  size.  The  thermite 
process  is  also  used  to  make  molybdenum  silicide,  a  less 
commonly  used  alloying  material. 

Molybdenum  metal  is  made  by  dissolving  the  oxide 
in  ammonia  and  precipitating  ammonium  molybdate. 
Application  of  heat  to  this  produces  molybdenum  tri- 
oxide  which  in  turn  is  reduced  to  pure  molybdenum  by 
heating  in  a  current  of  hydrogen  at  900°  C  to  1000°  C 
(Hay  ward,  1952,  p.  520).  The  product,  a  grayish -black 
powdered  metal,  is  pressed  into  12-ineh  bars,  a  quarter 
to  half  an  inch  thick,  and  heated  between  contacts  in 
hydrogen  to  a  temperature  slightly  below  the  melting 
point.  The  resulting  porous  bar  can  be  hot-worked  to 
fine  wire,  sheet,  or  rod. 

Many  uses  of  molybdenum  require  it  in  the  form  of 
large  slaeets  or  sections  from  which  impurities,  especially 
oxygen,  have  been  virtually  eliminated.  To  meet  these 
needs,  new  techniques  have  been  developed  in  which 
large  ingots  are  produced  in  vacuum  furnaces  (Geehan, 
1954,  p.  8). 


The  two  principal  molybdenum  companies.  Climax 
Molybdenum  Company  and  Molybdenum  Corporation 
of  America,  convert  their  concentrates  to  finished  end 
products  at  plants  in  Langeloth,  Pennsylvania,  and 
Washington,  Pennsylvania,  respectively. 

Markets.  With  the  start  of  the  Korean  war  in  1951, 
molybdenum  as  well  as  other  allo.ving  elements,  was  in 
short  supply  throughout  the  free  world. 


Table  1.     Buyers  and  specifications  for  molybdenite  concentrates. 


Specifications 

General  Serv- 
ices Adminis- 
tration 
government 

stockpile 

(analysis  on  a 

dry  basis) 

Molybdenum 

Corp.  of 

America. 

406  S.  Main  St., 

Los  Angeles  13, 

California 

Climax 
Molybdenum 

Co.. 

500  5th  .\ve.. 

New  York  36, 

New  York 

MoS 2— minimum  % 

Cu — maximum  % 

Pb— maximum  % 

P  4-  As  +  Sn  —  maxinuun  %  _ 
Moisture  (H2O)  maximum  %.. 
Flotation    reagents     (oil,    etc.) 
maximum  % 

80.00 
1.00 
0.30 
0.20 

90.00 
0.50 

1.00 

86.00 
0.50 
0.10 

4.00 

5.00 

. 

Subject     to     negotiation     but 

$1.00  per  lb., 

generally    base 
M.    J.     Metal 
Market  quotat 

d    upon    E.    & 
and     Mineral 
on.* 

f.o.b.  Climax, 
Colorado, 
(late  1954). 

A  ptice  of  $0.60  per  pound  of  contained  M0S2  was  quoted  in  the  Engineering  and  Min- 
ing Journal  Metal  and  Mineral  Markets  during  the  interval  1!:50  through  1954.  Inas- 
much as  molyhdenite,  MoSi*.  contains  60  percent  Mo,  tiiat  price  is  equivalent  to  $1.00 
per  pound  of  contained  Mo.  The  pdce  quoted  in  1955,  through  November,  was  $1.05 
per  pound  of  contalntd  Mo.  f.o.b.  Climax.  Colorado,  plus  cost  of  containers. 
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Figure  2.     Summary  flowsheet  of  molybdenum  processes  (adapted  from  Wheeler,  1944,  pp.  433,  435,  and  Hayward,  1952,  pp.  515-520). 


Government  controls  by  the  National  Production  Au- 
thority, the  Defense  Minerals  Administration  (later  the 
Defense  Minerals  Procurement  Agejicy)  and  the  Office 
of  Price  Stabilization  included  price  controls  and  alloca- 
tion of  molybdenum  ore  and  concentrates  and  of  end 
products.  Controls  started  in  1951  and  continued  until 
July  1,  1953,  when  allocation  was  no  longer  considered 
necessary. 

The  program  of  the  Defense  Minerals  Exploration 
Administration  (DMEA)  provides  for  loans  of  50  per- 
cent of  the  cost  of  approved  exploration  projects  on 
molybdenum  deposits.  In  addition,  the  General  Service 
Administration  will  purchase  molybdenum  concentrates 
that  meet  the  stockpile  specification  (see  Table  1). 

Inasmuch  as  molybdenum  ore  is  not  marketable  as 
such,  a  prospective  molybdenum  producer  must  be  able 
to  provide  a  concentrate,  utilizing  his  own  mill  or  a 
custom  mill.  In  1955,  no  custom  mills  were  known  to 
have  arranged  for  the  processing  of  molybdenum  ore. 
No  attempt  to  ship  concentrates  should  be  made  with- 
out prior  approval  from  a  buyer. 

Prices  for  molybdenum  concentrates  and  finished 
products  did  not  change  in  the  interval  1950  through 
1954,  but  were  slightly  increased  early  in  1955.  The 
finished  products  were  valued  f.o.b.  producer's  plant 
in  November,  1955  as  follows : 


Molybdenum  metal,  99  percent  Mo $3.(X)  per  pound 

Ferro  molybdenum  (58-64  percent  \ 

Mo)    1.46   J         Per 

Ferro  molybdenum   (58-64  percent  /  pound 

Mo  powdered)    1.57   s  of  Mo 

Calcium  molybdate    (CaOMoOs) 1.28  (  cou- 

Molybdic  oxide    (M0O3)    (canned) 1.25    |  tained. 

Molybdic  oxide    (M0O3)     (bagged) 1.24  / 

History  of  Production.  World  War  I  probably  was 
the  impetus  for  the  first  production  of  molybdenum  in 
California.  The  earliest  recorded  output  in  the  state  was 
in  1916,  when  a  combined  total  of  8  tons  of  molybdenum 
concentrates,  valued  at  $9,945,  was  shipped  from  Inyo 
and  Plumas  Counties  (Bradley,  1917,  pp.  39-40).  From 
1916  to  1918,  small  shipments  were  made  variously  from 
Inyo,  Mono,  San  Diego,  and  Shasta  Counties,  but  in 
1918  only  Shasta  County  yielded  molybdenum. 

Following  World  War  I,  tlie  demand  for  molybdenum 
was  slight,  and  no  ore  was  mined  in  California  until 
the  period  1933-34  when  a  small  tonnage  of  ore  was 
shipped  from  Inyo  and  Mono  Counties. 

Production  was  resumed  from  Inyo  County  in  1939 
and  was  continued  through  1944.  Production  in  1943 
was  the  largest  of  any  year  (Symons  1944,  p.  51).  In 
1945  the  Pine  Creek  tungsten  mill  was  shut  down  and 
there  was  no  molybdenum  production.  Operations  were 
resumed  in  1946  and  have  continued  to  date.  Although 
annual  production  figures  are  not  available  for  most 
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years,    recent   molybdenum   production   from   the   Pine 
Creek  operation  is  tabulated  below : 

1952  300,000  lbs        (H.    L.    McKinley,    1953,    persomil 

communication) 

1953  154,805  lbs  |    (H.    L.    McKinley,    1955,    personal 

1954  143,211  lbs  J  communication) 
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NATURAL  GAS 

Rv  Earl  W.  Hart 


Tlie  use  of  natural  ?as  in  the  United  States,  and 
particularly  in  California,  has  grown  tremendously  in 
recent  years.  In  1954,  natural  gas  supplied  25  percent 
of  the  total  energy  requirements  of  the  United  States, 
approximately  six  times  the  energy  supplied  by  hydro- 
electric power  (Cattell  et  al.,  1955,  p.  17).  California, 
fourth  in  the  production  of  natural  gas  among  the 
states,  contributed  about  6  percent  of  the  national  total, 
or  about  507  billion  cubic  feet  in  1954.  Of  the  mineral 
commodities  produced  in  California  in  1954,  natural  gas 
ranked  third  in  output,  having  been  surpassed  only  by 
petroleum  and  natural-gas  liquids.  Gas  reserves  in  Cali- 
fornia have  been  declining  steadily  in  recent  years  and 
any  large  increase  in  future  reserves  will  have  to  result 
from  the  discovery  of  one  or  more  major  gas  fields  or 
gas-yielding  oil  fields.  The  demand  for  natural  gas  for 
heating  and  fuel  purposes  will  increase  in  California  as 
new  houses  are  built  and  industry  expands.  To  meet  this 
demand,  additional  gas  will  have  to  be  imjwrted  into 
the  state.  During  1954,  nearly  half  of  the  gas  used  in 
California  was  piped  in  from  Texas  and  New  Mexico. 
Some  of  the  gas  used  in  refineries  and  in  oil  field  opera- 
tions is  being  diverted  to  industries  where  a  higher 
market  price  may  be  obtained. 

Composition  and  Geologic  Occurrence.  Two  t.vpes  of 
natural  gas,  exclusive  of  carbon  dioxide,  are  of  commer- 
cial importance  in  California:  (1)  dry  gas  (or  marsh 
gas),  the  occurrence  of  which  is  essentially  unrelated 
to  that  of  petroleum,  and  (2)  wet  gas  (or  oil-well  gas, 
petroleum  gas,  or  easinghead  gas),  which  occurs  in  the 
same  formations  as  petroleum  and  is  produced  with  it. 
Some  wet  gas  exists  as  a  gas  cap  above  the  petroleum 
and  some  is  dissolved  in  petroleum  in  the  oil-field  reser- 
voir. 

The  volatile  portions  of  natural  gas  consist  essentially 
of  hydrocarbons  of  the  paraffin  (methane)  series  in 
which  methane  (CH4)  is  predominant,  and  in  which  also 
occur  ethane  (C2HB),  propane  (CsHs),  butane  (C4H10), 
and  heavier  paraffin  hydrocarbons,  listed  in  order  of 
decreasing  abundance.  The  principal  gaseous  impiirities 
are  nitrogen,  carbon  dioxide,  and  hydrogen  sulfide. 
These  impurities  generally  amount  to  a  small  percentage 
of  a  given  natural  gas,  but  may  constitute  20  or  30  per- 
cent. AVet  gas  differs  principally  from  dry  gas  in  that 
wet  gas  usually  contains  enough  propane,  butane,  and 
heavier  h.ydrocarbons  to  allow  for  the  profitable  extrac- 
tion of  natural-gas  liquids,  whereas  dry  gas  does  not. 
(See  section  on  natural-gas  liquids  in  this  volume.) 
Other  differences  that  generally  exist  between  wet  gas 
and  dry  gas  are:  (1)  wet  gas  is  lower  in  methane;  (2) 
wet  gas  contains  a  smaller  percentage  of  non-volatile 
impurities;  and  {'\)  dry  gas  contains  much  less  hydro- 
gen sulfide  or  none  at  all.  Because  the  composition  of 
both  types  of  gas  varies  considerably  from  one  field  to 
another,  the  heating  value  is  also  variable.  Such  varia- 
tion in  heating  value  is  commonly  compensated  for  by 
blending  gases  from  several  fields,  particularly  dry  gas 
with  wet  gas  when  possible.  Wet  gas  generally  has  the 
higher  heating  value. 

Geologic  factors  necessary  for  tlie  formation  and  ac- 
cumulation of  natural  gas  are  similar  to  those  of  pe- 


troleum, namely:  (1)  a  source  rock  high  in  organic 
matter  from  which  gaseous  hydrocarbons  may  be 
formed;  (2)  a  reservoir  rock  to  allow  for  the  accumula- 
tion of  natural  gas;  and  (3)  a  structural  or  strati- 
graphic  trap  to  prevent  the  loss  of  the  gas  by  upward 
migration.  The  source  rocks  in  California  range  in  age 
from  Upper  Jurassic  to  Pliocene.  Dry  gas  is  produced 
from  sandstone  reservoirs  which  underlie  the  Sacra- 
mento and  San  Joaquin  Valleys  and  which  range  in  age 
from  Cretaceous  to  Pliocene.  Oil-well  gas  is  produced 
from  sandstone  and  fractured  shale  that  range  in  age 
from  Cretaceous  to  Pleistocene  and  from  pre-Cretaceous 
basement  rocks  located  in  the  Coast  Ranges,  San  Joaquin 
Valley,  Ventura  Basin,  and  Los  Angeles  basin.  Wet  gas 
has  been  obtained  from  virtually  every  oil  field  in  the 
state  (see  section  on  petroleum  in  this  volume). 

Most  of  the  gas  produced  in  California  in  the  past 
has  been  wet  gas  produced  along  with  oil.  In  1954,  about 
75  percent  of  the  net  gas  withdrawn  from  formations  in 
California  was  wet  gas. 

Table   1.     Fields  tcith  largest  natural  gas  production  in 
California  in  195'i. 

(Thousands  of  cubic  feet.) 


Field 

Net  gas  withdrawn* 

Dry  gas — gas  fiel  Is 

Rio  Vista                                                                 -   . 

67,477,766 

7,862,645 

4,976,989 

Wild  Go  e    .       -.                            -   

4.156,551 

3,552,512 

Wet  gas— oil  fiel  Is 

57,175,330 

Kettleman  North  Dome_-       .          -          

38,203,470 

34,018,746 

Paloma 

30,640,803** 

18,694,246 

•  Data  from  Dirision  of  Oil  and  Gas.  Net  gas  withdrawn  Includes  all  gas  withdrawn 
from  formations  except  that  which  was  returned  for  purposes  of  repressurlng. 
**  Small  amount  of  gas  is  from  dry  gas  zone. 

History  of  Discoveries.  The  first  useful  natural  gas 
produced  in  California  was  obtained  from  the  Court 
House  well  at  Stockton,  which  was  drilled  as  a  water 
well  to  a  depth  of  1,003  feet  in  1854-58.  Since  that  time, 
many  other  water  wells  in  the  Stockton  area  have  en- 
countered gas  which  was  used  locally  for  lighting  and 
heating  purposes  (Weber,  1888,  pp.  181-85).  In  1891, 
gas  was  discovered  in  water  wells  near  Sacramento  and 
has  also  been  used.  A  gas  well  drilled  at  Briceland,  Hum- 
boldt County,  in  1894  furnished  the  town  with  natural 
gas  for  many  years.  In  1901,  a  well  was  completed  in 
Solano  Countv  and  supplied  gas  to  the  towns  of  Suisun 
and  Fairfield  "(Stalder,  1943,  p.  79). 

Although  the  first  discovery  in  California  of  wet  gas 
with  oil  occurred  in  Pico  Canyon  near  Newhall  in  Los 
Angeles  Count.v  in  1870,  not  until  1907  was  oil-well  gas 
commercially  distributed.  In  that  year,  gas  from  the 
Orcutt  (Santa  Maria)  oil  field  was  used  to  supply  Santa 
Maria  and  nearby  towns  (Masser,  1923,  p.  18). 

The  natural-gas  industrj'  began  to  develop  rapidly 
after  1909  when  oil  and  gas  were  discovered  in  the 
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Table  2. 

Principal  dry  gas  fields — <J 

iscovery  and  geologic  data   through   ISoi 

« 

Geologic 

County 

Field 

Discovery 

Company 

Well 

Producing 

production 

Structure 

age  of 

year 

depth 

Mcf/day 

or  trap** 

producing 
formation 

Alameda 

Hospital  Nose 

52 

Texas 

Hancock-Signal- 

5,180  & 

150 

s 

Miocene 

(Livermore)  area 

Wente  (NCT-1)  1 

5,280 

Butte 

Chico 
Durham 

44 
46 

Richfield 
Standard 

Chico  1 
Donohoe  Fee  1 

4,390 
2,176 

3,500 
10,937 

A 

Cretaceous 
Eocene 

Llano  Seco  area 

54 

Humble 

Parrott  Inv.  Co.  2 

3,300 

4,000 

A(7) 

Cretaceous 

. 

Wild  Goose 

51 

Honolulu 

Honolulu-Humble- 
Wild  Goose  1 

3,260  & 
3,314 

4,020 

A 

Paleocene  or 
Cretaceous  (Kione) 

Colusa 

Colusa*** 

43 

General 

Capital  I 

2,940 

3,200 

A 

Cretaceous 

Moon  Bend  area 

54 

Humble 

St«idlmayer  3 

1,415 

1,700 

A(?) 

Cretaceous 

Princeton 

53 

Richard  S.  Rheem 

Southam  1 

2,230 

2,850 

-- 

Cretaceous  (Kiom-) 

Contra  Costa 

Rio    Vista    (see    Solano 
County) 

Glenn 

Afton 

44 

Richfield 

Afton  Comm.  1-1 

2,660 

5,700 

A 

Cretaceous 

Beehive  Bend 

53 

Sunray 

Estes  1 

3,665 

3,900 

S(?) 

Cretaceous 

Beehive  Bend  NW  area 

54 

Richard  S.  Rheem 

Zumwalt  1 

5,944 

6,300 

8(7) 

Cretaceous 

Ord  Bend 

43 

Superior 

Knight  1 

3,664 

5,040 

A 

Cretaceous 

Willows 

38 

Ohio 

WiUard  1-A 

2,240 

5,000 

A 

Cretaceous 

Humboldt 

Tompkins  Hill  (Eureka) 

37 

Texas 

Eureka  2 

4,862 

500 

A 

Pliocene 

Kern 

Bowerbank 
Buttonwillow 

42 
27 

Texas 
Milham  Expl. 

S.  P.  47-15 
Kern  1-A 

4,262 
2,648 

10,000 
11,700 

A 
A 

Pliocene 
Pliocene 

Johe  Ranch  area 

54 

Union 

Hancock  36-7 

1,420 

4,000 

S(T) 

Miocene 

Semi  tropic 

35 

Standard 

Hill  1 

3,200 

107,000 

A 

Pliocene 

Shafter  area 

54 

Tidewater 

Loepp  63-18 

4,305 

5,400 

S(?) 

Pliocene 

Trico    (partly    in    Kings 

34 

Trico 

Well  2 

2,476 

Blew  out 

A 

Pliocene 

and  Tulare  Counties) 

Kings 

Dudley  Ridge  area*** 

20 

Pacific  Oil  &  Gas 

Well  1 

2,085 

27-1- 

F  or  A 

Pleistocene? 

Harvester  area   (of   NW 

50 

Shell 

Harvester  Unit  1-1 

2,805 

4,150 

FS 

Pliocene 

Trico)*** 

Trico,  Northwest 

44 

Standard 

Cutter  Unit  1 

3,610 

14,388 

A 

Pliocene 

Madera 

Chowchilla 
Gill  Ranch 

34 
43 

Pure 
Texas 

Chowchilla  1 
Gill  38-16 

8,060 
4,485 

18,000 
11,000 

A 
FA 

Cretaceous 
Eocene 

Moffat  Ranch 

43 

Texas 

Moffat  1-7 

3,935 

6,500 

A 

Eocene 

Sacramento 

Free  port 

Rio    Vista     (see    Solano 
County) 

52 

Standard 

Simms  Comm.  1 

5,788  & 
5,875 

9,784 

-- 

Cretaceous 

River  Island 

50 

Brazos 

River  Islands  Land 

Co.  1 
Housken  Comm.  1 

4,170 

4,805 

F 

Eocene 

Thornton  (partly  in  San 

43 

Amerada 

3,380 

6,850 

A 

Eocene 

Joaquin  County) 

San  Benito 

HoUistcr  area  (Lomerias 
Ranch) 

52 

Balken  &  Krug 

Ferry-Morse  1 

2,400 

3,000-5,000 
(Blew  out 
initially) 

S(7) 

Pliocene 

San  Joaquin 

Gait 

43 

Bank  line 

Community  1-1 

2,340 

7,765 

A 

Eocene 

Lodi 

43 

Amerada 

Lodi  Comm.  9-1 

2,270 

7,200 

A 

Eocene 

McDonald  Island 

36 

Standard 

McDonald  Island 
Farms  1 

5,227 

26,647 

A 

Paleocene 

Roberts  Island 

42 

Standard 

Woods  Comm.  2-1 

5,254 

5,613 

A 

Paleocene 

Tracy 

35 

Amerada 

F.  D.  L.  2 

4,083 

35,000 

A 

Cretaceous 

Vernalis  (partly  in  Stanis- 

41 

Standard 

Blewett  1 

3,872 

10,000 

A 

Cretaceous 

laus  County) 

Santa  Barbara 

La  Goleta 

29 

General 

More  I 

4,273 

17,000 

FA 

Miocene 

Refugio  area*** 

47 
48 

Rothschild 
Standard 

Orella  1 
Williams  1 

2,500 
3,700 

5,000 
2,155 

FA 
A 

Miocene 
Oligocene 

Summerland 

Solano 

Cache  Slough 

45 

Standard 

Cal.  Pack.  Corp.  2 

4,795 

14,867 

A 

Eocene 

Denverton  area*** 

48 

Honolulu 

McCormiek  Est.  1 

2,150 

845 

A 

Cretaceous 

Honker  area*** 

44 

Standard 

Honker  Comm.  1-A 

7,220 

3,200 

FA 

Eocene  or  Paleocene 

KirbyHill . 

45 
53 

Shell 
Shell 

Lambie  1-A 
Unit  B-1 

2,316 
3,555 

3,980 
5,000 

FA 

Eocene 
Eocene 

Kirby  Hill,  North 

Liberty  Cut 

53 

Arcady 

Fahn  1 

4,138 

2,000 

Eocene 

Maine  Prairie 

45 

Amerada 

Wineman  1 

4,790 

18,997 

FA 

Eocene 

Millar 

44 

Amerada 

Starkey  Fee  1 

4,600 

22,750 

A 

Eocene 

Potrero  Hills  area*** 

38 

Richfield 

Potrero  Hills  1 

3,265 

1„500 

A 

Cretaceous 

Rio  Vista  (partly  in  Sac- 

36 

Amerada 

Emigh  1 

4,278 

50,000 

FA 

Eocene 

ramento    and    Contra 

Costa  Counties) 

Suisun  Bay 

44 

Standard 

Suisun  Comm.  3 

3,640  & 
3,909 

7,350 

FA 

Eocene 

Winters  (partly  in  Yolo 

46 

Shell 

McCune  1 

5,240 

11,000 

A 

Cretaceous 

County) 
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County 

Field 

Discovery 
year 

Company 

Well 

Producing 
depth 

Initial 
production 
Mcf/day 

Structure 
or  trap** 

Geologic 

age  of 
producing 
formation 

Sutter 

Tehama 

Yolo 

Marysville  Buttes  (Sutter 
Buttes) 

Corning 
CorninK,  South 

Dunnijran  Hills 
Fairfield  Knolls 
Pleasant  Creek 

Sycamore  SIourIi  area 

33 

44 
51 

46 
37 
48 

53 

Buttes  Oilfields 

Superior 
Buttes  Oilfields 

Texas 

Standard 

Shell 

Signal 

Weill 

Saldubehere  1 
Saldubehere-Buttes  A 

Hermle  1 
Hooper  1 
Unit  3-1 

Signal-Monterey- 
Reclamation  1 

2,727 

1.504 
1,590 

2,620 
3,700 
2,818 

3,724 

3,425 

17.676 
10.000 

3,030 
7,340 
9,550 

4.100 

Complex 

A 

A 

A 
A 
A 

Cretaceous 

Pliocene 
Pliocene 

Cretaceous 
Cretaceous 
Paleocene  or 
Cretaceous 
Eocene 

•Sources  of  data:  Petroleum  World  Annual  Reviews  1949  and  1954;  California  Division   of  Oil  and  Gas  Summary  of  Operations.  1954  and  prior;  California  Division  of  Jiiiies  publica- 
tions. 
••  A  =  Anticline  or  dome.     F  =  Fault,     S  =  Stratigraphic. 
•*•  Abandoned. 


Buena  Vista  Hills  field  (now  part  of  the  Midway-Sun- 
set field).  Natural  gas  was  subsequently  piped  40  miles 
to  Bakersfield  in  1910  and  about  115  miles  to  Los  An- 
geles in  1913.  Thereafter,  the  natural-gas  industry  of 
southern  California  expanded  greatlv  with  the  develop- 
ment of  the  West  Coyote  field  in  'l914-17,  Elk  Hills 
field  in  1919,  Huntington  Beach,  Long  Beach,  and 
ganta  Fe  Springs  fields  in  1922-24  and  Ventura  Avenue 
field  in  1925.  In  1927,  dry  gas  was  found  at  Button- 
willow,  Kern  County.  This  was  the  first  significant  dis- 
covery in  California  of  dry  gas  not  associated  struc- 
turally with  an  oil  field.  This  discovery  was  soon  over- 
shadowed when  the  Kettleman  Hills  field  was  brought 
in  the  following  year.  Gas  piped  from  Kettleman  Hills 
in  1929  was  the  first  natural  gas  to  reach  San  Francisco 
and  was  the  beginning  of  state-wide  gas  distribution 
Bauer,  1943,  pp.  33-36). 

The  first  high-pressure  gas  well  in  northern  Califor- 
nia was  brought  in  at  Marysville  Buttes,  Sutter  County, 
ill  1933  by  Buttes  Oilfields,  Inc.  The  well  produced  an 
initial  3,425  thousand  cubic  feet  per  day  from  a  depth 
irf  2,727  feet.  In  June  1936,  the  Rio  Vista  gas  field  was 
discovered  by  Amerada  Petroleum  Corporation.  The  dis- 
covery well  was  brought  in  at  50,000  thousand  cubic 
feet  per  day  from  the  Emigh  sand  of  Eocene  age  at  a 
depth  of  4,485  feet.  Rio  Vista  has  led  all  fields  in  the 
production  of  natural  gas  since  1943  and  in  1954  yielded 
approximately  13  percent  of  the  state's  total  production 
and  well  over  half  of  the  dry  gas  produced. 

An  intensive  search  for  gas  was  initiated  in  the  late 
1930s  and  since  then  about  35  or  40  dry  gas  fields  have 
been  discovered  in  the  Sacramento  and  northern  San 
Joaquin  Valleys.  Most  of  these  fields  have  proved  to  be 
disappointingly  small  and  have  added  little  to  the  re- 
serves of  California. 

Recent  Discoveries  of  Gas  Fields.  Between  1951  and 
1954,  fifteen  new  gas  fields  were  discovered  in  Califor- 
nia, twelve  in  the  Sacramento  Valley  and  three  in  the 
San  Joaquin  Valley.  Of  these,  only  two  fields.  Wild 
Goose  and  Beehive  Bend,  now  appear  to  be  of  real  sig- 
nificance. The  Wild  Goose  field  was  discovered  in 
August  1951,  when  Honolulu  Oil  Corporation's  well 
Honolulu-Humble-Wild  Goose  1  was  completed  and 
flowed  4,020  thousand  cubic  feet  of  gas  per  day  from 


depths  of  3,260  and  3,292  feet.  In  1954,  Wild  Goose  was 
the  fourth  largest  producing  gas  field  in  the  state  and 
had  the  third  largest  reserves.  The  Beehive  Bend  field 
was  discovered  in  May  1953  by  General  Petroleum 
Corporation  when  their  well  Bstes  1  blew  in  at  3,900 
thousand  cubic  feet  per  day  from  a  depth  of  3,665  feet. 
As  of  November  1955,  twenty  wells  and  pipeline  facili- 
ties had  been  completed  and  the  Beehive  Bend  field  was 
scheduled  to  go  on  production  for  the  first  time  in  the 
winter  of  1955-56  (Stockman,  1955,  p.  38).  Discoveries 
of  gas-yielding  oil  fields  are  not  discussed  herein,  as  oil 
field  discovery  data  are  given  in  the  section  on  petro- 
leum. 

In  spite  of  intensive  exploration  and  numerous  dis- 
coveries, no  major  dry  gas  fields  have  been  found  in 
California  since  Rio  Vista  in  1936. 


Table  3. 


Marketed  production  '■  of  natural  gas  in 
California,  190e-5J,. 


(Data  from  V.  8.  Bureau  of  Mines.) 

Year 

Estimated 

value  at 

wells 

(1000 

dollars) 

Production 
(million 
cu.  ft.) 

Year 

Estimated 

value  at 

wells 

(1000 

dollars) 

Production 
(million 
cu.  ft.) 

1906 

1907 

1908- -- 

1909 

1910 

1911 

1912.. 

1913. 

1914 

1915 

1916 

1917 

1918 

1919 

1920 

1921 

1922 

1923 

1924 

1926 

1926 

1927 

1928 

1929 

1930 

133 

168 

308 

447 

477 

801 

1,134 

1,883 

2,911 

4,069 

5,440 

6,817 

7,952 

9,366 

12,528 

16,496 

7,612 

8,543 

14,227 

14,084 

16,803 

19,431 

21,692 

29,054 

25,210 

153 

230 

479 

2.324 

2,764 

6,390 

9,355 

11,035 

17,829 

21,891 

31,643 

49,427 

39,719 

35,607 

66,041 

75,942 

84,580 

131,434 

189,692 

187,789 

204,915 

212,364 

246,215 

342,314 

334,789 

1931 

1932 

1933 

19.34 

1935 

1936 

1937 

1938 

1939 

1940 

1941 

1942 

1943 

1944 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1934 

21.446 
17,126 
16,690 
18,739 
19,916 
20.838 
21,699 
21,778 
21,529 
19,604 
22,4.57 
26,662 
29,800 
32,330 
.30,147 
36.056 
37,284 
64,803 
64,731 
66,449 
82.745 
86,414 
104,675 
104,289 

305,930 
263,484 
259,799 
268,122 
284,109 
320,406 
329,769 
315,168 
348,361 
351,950 
374,905 
403,968 
457,757 
502,017 
502,442 
487,904 
360,510 
570,954 
5.30,903 
558,398 
566,751 
517.450 
331,346 
307,289 

1  Excludes  gas  used  for  repressurlng  and  gas  (mostly  residue  gas)  l>lnwn  to  air. 
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TaMe  J/.     NatU7-al  gas  withdrawals  and  reserves  in  California  hy  fields.^ 
(Thousands  of  cuiic  feet.) 


County 

Alameda 

Butte 

Colusa 

Fresno 


Glenn- 


Humboldt. 
Kern 


Field 


Hospital     Nose    area, 
gas--- - 


Chico  gas 

Durham  gas 

Wild  Goose  gas- 

Princeton  gas 


Burrel 

Camden  area 

Cantua  Creek  area 

Cheney  Ranch  area 

Coalinga 

Coalinga,  East  Exten- 
sion  

Guijarral  Hills 

Helm 

Jacalitos 

Pleasant  Valley 

Raisin  City 

Riverdale 

San  Joaquin 


Afton  gas 

Beehive  Bend  gas- 

Ord  Bend  gas 

Willows  gas 


Eureka  gas 

Petrolia  area- 


Ant  Hill 

Antelope  Hills 

Antelope  Hills,  North-. 

Bates  area 

Belgian  Anticline 

Bellevue 

Belridge,  North 

Shallow  zone 

Temblor  zone 

R  zone 

64  zone 

Y  zone 

Belridge,  South -. 

Blackwells  Corner 

Bowerbank  gas 

Buttonwillow  gas 

Calders  Corner  area 

Canal 

Canfield  Ranch 

Chico-Martinez  area 

Coles  Levee,  North 

Gas  zone 

Coles  Levee,  South 

Gas  zone 

Comanche  Point 

Cymric 

Devils  Den 

Edison 

Elk  Hills,  all  zones 

Gas  zone 

Upper  zone 

Stevens  zone 

Carneros  zone 

Fruitvale 

Greeley 

Greenacres  area 

Jasmin 

Johe  Ranch  area,  gas- . 

Kern  Bluff- 

Kern  Front 

Kern  River 

Los  Lobos 

Lost  Hills 

Lost  Hills,  Northwest, 


area 

McDonald  Anticline - 


Net  gas 
withdrawn 


1954 


9,424 

62,414 

682,627 

4,156,551 

4,094 

201,123 

18,290 

138,016 

0 

782,118 

10,478,880 

4,096,576 

3,741, .557 

1,111,626 

330,247 

562,612 

919,831 

5,916 

165,381 

0 

484,586 

97,001 

1,914,527 
0 

6,228 

436,267 

44,683 

0 

18,694,246 

203,061 

16,621 

'666,042 

6,616,696 

=  (3,010,102) 

2(536,787) 

666,642 

4,040 

279,929 

9,050 

30,445 

985,610 

1,116,623 

0 

MI17,535) 

104,484 

2,160,023 

1,958,474 

0 

1,518,662 

94,621 

5,134,752 


'(350,648) 

n, 079,378 

142,683 

63,050 

1 ,450,330 

1,487,246 

0 

0 

0 

0 

214,667 

2,524 

88,5.52 

1,9.59,298 

3,524 
214,083 


Cumulative 

production 

of  gas 

through 

1954  r 


11,377 

922,746 
3,143,617 
8,433,172 

4,094 

1,028,533 

66,312 

764,624 

309,325 

212,980,841 

226,536,671 
32,380,647 
48,530,347 
17,909,254 
10,153,613 
12,585,853 
20,036,514 
228,474 

3,348,985 

0 

6,170,654 

294,088 

14,617,162 
0 

216,543 

3,840,737 

288,558 

0 

52,546,367 

1,315,788 

11,208,471 

56,215,465 

81,367,041 

319,605,375 

3,900,894 


69 

6,210 

33,421 

311 

20,229 

5,845 

2(6,804 
64,524 
49,849 
27,703 


,905 
566 
355 
722 
,268 
,822 
0 
,720) 
493 
,903 
694 
25 


155,461 

24,852,744 

253,367,427 

'91,819,828 

"158,103,841 

"3,080,459 

"363,299 

13,830,975 

48,574,155 

0 

0 

0 

0 

11,693,435 

2,432,222 

122,579 


4,909 
1,695,255 


Gas 

reserves 

as  of 

Jan.  1,  1955 


79,316,828 


678,467 


9,134,882 

414,236,944 

18,975,804 

169,669,424 

29,350,164 

12,543,968 

5,737,388 

19,361,858 

225,884 

2,628,192 

623,539 


19,131,663 


15,598 
5,205,116 


81,305,7.54 
2,341,054 

11,529 

23,916,508 

2,383,304 

83,745,050 

2,473,974 

301,056 

204,320 

31,178,414 

20,950 

4,508 

29,747,929 

1,448,975 

* 

373,459,688 
5,223,614 

544,845,838 
3,041,526 

* 

16,548,322 

* 

27,949,730 
580,381,259 


2,908,290 
107,349,967 


2,582,326 
36,047 


488,203 


County 


Kern — 

Continued 


Kings - 


Los  Angeles - 


Field 


McKittrick 

Gas  zone 

Midway-Sunset^ 

Buena  Vista  gas  zone 

Mount  Poso 

Mountain  View 

Paloma,  all  zones 

Gas  zone 

Symons  zone 

Paloma  zone 

Pleito  Creek 

Poso  Creek 

Rio  Bravo 

Rosedale 

Rosedale  Ranch 

Round  Mountain 

Semi  tropic  gas 

Strand 

Main  area 

East  area 

Tejon 

Tejon  Flats  area 

Tejon  Hills-- 

Gas  zone 

Temblor  area 

Temblor  Ranch 

Ten  Section 

Trico  gas' 

Union  Avenue 

Wasco 

Welcome  Valley 

Wheeler  Ridge 

Kettleman    Middle 
Domes 

Kettleman  North  Dome 

Pyramid*  Hills 

Trico,, Northwest,  gas- 

Aliso  Canyon.- - 

Alondra  area 

Bandini  area 

Beverly  Hills 

Canoga  Park  area 

Castaic  Hills 

Castaic  Junction 

Del  VaUe- 

Domingues 

El  Segundo 

Gas  zone 

Elizabeth  Canyon  area 

Honor  Rancho 

Horse  Meadows  area- 
Howard  Townsite 

Hyperion  area 

Inglewood 

La  Mirada  area 

Las  Llajas  area 

Lawndale 

Leffingwell  area 

Long  Beach 

Long     Beach    Airport 

area 

Los  Angeles  City 

Los  Angeles,  East 

Mission  area 

Montebello - 

Newhall 

Newhall-Potrero 

Oak  Canyon 

Placerita 

Playa  del  Rey 

Playa    del    Rey    Hills 

Gas  storage 

Potrero 

Rosecrans 

Rosecrans,  South 


Net  gas 

withdrawn 

in 

1954 


64,530 

131,796 

11,483,852 

610,414 

55,560 

1,576,433 

30,640,803 

"23,451 

"351,702 

"30,265,650 

71,422 

130,985 

2,107,444 

645,727 

397,970 

46,858 

60,190 

75,765 

89,101 

682,428 

745 

163,098 

4,996 

0 

0 

1,134,797 

7,862,645 

59,545 

229,847 

0 

2,694,248 


319,962 

38,203,470 

19,332 

669,669 

2,580,144 

55,845 

386,239 

31,616 

0 

2,919,581 

1,216,386 

6,535,550 

4,418,619 

7,965 

149,993 

407 

978,110 

5,833 

1,722,395 

8,249 

4,007,772 

2,382 

1,095 

138,204 

667,280 

6,683,975 

702,916 

0 

302,725 

39,829 

2,573.863 

36,409 

1,818,903 

705,893 

188,252 

590,091 

"(1,781,400) 
1,415,141 
1,657,516 
342,662 


Cumulative 

production 

of  gas 

through 

1954  f 


1,609,505 

62,274,428 

183,923,482 

"3,145,284 

"6,988,558 

"171,789,640 

148,765 

1,742,065 

58,667,731 

1,288,427 

740,613 

517,567 

14,073,667 

4,287,722 

1,824,416 

4,810,091 

1,882 

828,883 

21,219 

0 

0 

142,593,209 

89,462,737 

792,879 

2,947,373 

0 

8,145,743 


22,840,826 
2,311,339,834 
115,499 
1,604,993 

26,826,992 
815,089 
403,839 

s 

0 

8,167,034 

3,115,432 

64,481,703 

327,482,627 


2,929,662 

16,951 

11,880,784 

77,737 

143,116,414 

10,425 

4,659 

5,991,293 

1,419,947 

993,094,831 

702,916 

5,516,071 

63,484 

179,088,719 

5 

27,595,784 
9,096,048 
5,149,608 


40,083,072 

138,130,257 

16,096,879 
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Table  //.     Natural  gas  withdrawals  and  reserves  in  California  hy  fields.' 
(Thousands  of  cubic  feet.) 


-Continued. 


County 


Field 


Net  gas 
withdrawn 


Cumulative 
production 

of  gas 
through 

1954t 


Gas 

reserves 

as  of 

Jan.  1,  1955 


County 


Field 


Net  gas 

withdrawn 

in 

1954 


Cumulative 
production 

of  gas 
through 

1954t 


Gas 

reserves 

as  of 

Jan.  1,  1955 


Los  Angeles — 
Continued- 


Madera.  . 

Monterey 
Orange 


Sacraniento- 


San  Benito. 


San  Bernardino 
San  Joaquin 


San  Luis  Obispo 


Santa  Barbara . 


Salt  Lake 

Sansinena 

Santa  Fe  Springs 

Seal  Beach' 

Torrance 

TurnbuU 

Walnut  area 

Whittier 

Gas  storage^ 

Whittier  Heights, 

North,  area 

Wilmington 

Chowchilla  gas 

Gill  Ranch  gas 

Moffat  Ranch  gas 

San  .Ardo 

Belmont  Off-Shore  area 
Brea-Ohnda" 

Gas  storage' 

Coyote,  East 

Coyote,  West" 

Huntington  Beach 

Kraemer 

Newport 

Newport,  West 

Gas  zone 

Olive  area 

Richfield 

San  Clemente  area 

Sunset  Beach  area 

Talbert  area 

Yorba  Linda 

Freeport  gas 

River  Island  gas 

Thornton  gas  '^ 

Bitterwater  area . 

Ciervo  area 

Hollister  area,  gas 

Lonierias  area 

Vallecitos  area 

Chino-Soquel  area 

Gait  gas 

Lodi  gas 

McDonald  Island  gas-. 

Roberts  Island  gas 

Tracy  gas 

Vernalis  gas" 

Arroyo  Grande 

Guadalupe 

Morales 

Taylor  Canyon  area 

Barham  Ranch  area 

Capitan 

Casmalia 

Cat  Canyon 

Coal  Oil  Point  area 

Cuyama,  Central,  area. 


0 

2,551,393 

5,623,319 

5,424,224 

1,732,484 

23,782 

0 

272,620 

!  (344,767) 


34,018,746 

543,230 

2,117,391 

485,814 

5,045,917 

728 

9,9.34.260 

283.354 

2.424.432 

3.132,983 

15,871,689 

50,825 

0 

164,796 

0 

30,000 

2,423,213 

446 

1,135 

0 

29,237 

316,149 
4,976,989 
2,841,366 

0 
0 
23,771 
0 
0 

243 

90,854 

865,773 

3,552,512 

367,604 

35 

194,556 

0 
605,862 
125,636 
11,145 

0 

272,372 

216,780 

3,650,438 

0 

3,272 


7,358,362 

751,601,225 

135,779,810 

99,442,265 

513,225 

0 

8,055,355 

(1,124,325) 

0 
654,120,007 

734,804 

23,826,508 

2,377,568 

7.584,366 

7,695 

299.846,590 

1,285,367 

27,530,476 

230,308,477 

515,972,934 

435,486 

0 

5,192,884 

147,814 

30,000 

148,753,647 

446 

1,135 

4,481 

923,043 

933,367 

9,454,880 

24,556,751 

0 

4,557 

94,030 

0 

0 

1,042 

1,019.445 

7,192,690 

117,914,799 

•  5,030,162 

13,775,969 

8,916,780 

18,464 
808,893 
969,598 

79,893 

0 

11.360,042 

4,837,605 

26,279,856 

17,672 

6,410 


21,929,054 

72,604,907 

25,511,580 

3,722.517 

149.038 

* 

851.231 
1.124,325 


382,974,290 


19,.">07.770 
15,121,472 


48,385,741 

205,781 

19,8,59,840 

33,644,207 

102,408,817 

174,987 

* 

533,100 


3,966,118 


7,966,698 
3,018,367 


10,257,798 

64,020,201 

969,838 

9.029,411 

4,297,120 


1,837,628 

* 

17,619.562 


Santa 

Barbara — 
Continued- 


Santa  Clara 


Solano  - 


Sonoma 

Sutter-. 
Tehama 

Tulare . 

Ventura 


Yolo. 


Cuyama,  South 

Elwood 

Jesus  Maria  area 

La  Goleta  gas 

Lompoc 

Mesa 

Orcutt 

Russell  Ranch 

Santa  Maria  Valley'*  . 

Summerland 

Gas  zone 

Zaca 

Moody  Gulch 

Sargent'* 

Cache  Slough  gas 

Kirby  Hill  gas 

Kirby  Hill,  North,  gas 

Liberty  Cut  gas. . 

Maine  Prairie  gas 

Millar  gas 

Rio  Vista  gas'^ 

Suisun  Bay  gas 

Winters  gas'^ 

Petaluma  area 

Gas  zone 

Marysville  Buttes  gas. 

Corning  gas 

Corning,  South,  gas 

Deer  Creek  area 

Terra  Bella  area 

Bardsdale 

Conejo 

Fillmore  area 

Montalvo,  West 

Oakridge 

Ojai 

Oxnard 

Piru 

Ramona  '* 

Rincon 

San  Miguelito 

Santa  Paula 

Sespe 

Shiells  Canyon 

Simi 

South  Mountain 

Tapo  Canyon,  South.. 

Temescal 

Torrey  Canyon 

Ventura  Avenue 

Dunnigan  Hills  gas 

Fairfield  Knolls  gas 

Pleasant  Creek  gas 

Sycamore  Slough  area, 
gas 


866,257 

1,356,662 

0 

'(1,668,179) 

1,325,798 

0 

2,176,892 

3,097,633 

6,927,976 

0 

179,820 

499,862 

0 
0 

766,562 

2,465,941 

0 

0 

2,477,-583 

453,668 

67,477,766 

2,171,898 

1,778,864 

0 
0 


457,938 
69,216 

0 
0 

1,962,658 

0 

139,664 

1,934,298 

715,656 

152,312 

542.642 

81,841 

2,604,682 

6,078,526 

11,511,649 

283,991 

14,852 

523,044 

6,697 

7.117,025 

281,234 

106,458 

1,152,348 

57,175,330 

1,244,812 

0 

351,983 

250 


29,675,843 

83,555,083 

0 

7,473,909 

7,886,884 

7,547 

236,100,999 

15,397,347 

133,589,641 

0 

1,662,115 

868,037 

44,000 
275,000 

8,463,657 

25,714,621 

3,167 

400 

12,573,643 

8,880,957 

1,634,260,032 

17,386,621 

9,370,207 

0 
32,281 

13,479,814 

457,938 
69,216 

0 
0 

51,592,340 

5 

139,664 
7,765,767 
1,820,317 

G 

11,933,158 

1,416,673 

18,218,064 

72,945,119 

102,909,336 


37,229,118 

5 

101,202.955 

475,714 

4.240,837 

7.136,972 

1,334,622,556 

5,614,539 
2,521,805 
3.1.38.906 

2.750 


249.829,157 
4,393,338 

* 

41,962,548 
4,742,040 

* 

12,985,.509 
63,040,653 
12,372,472 


3,104,070 
16,135,129 


12,632,439 

11,889,147 

1.408,684,048 

53,373,377 

4,107,886 


11,949,890 


26,257,851 
4,590,714 


6,177,151 


7,834,2,33 
4,107,090 


12,394,704 
30,638,267 
107,017.906 


1,595,613 
* 

23,622,829 

880,481 

1,006,914 

* 

360,719,439 
7,.381,3»1 


Grand  totals. 


512,316,141 


13.793,152,249 


8,703,153,558 


■  Data  from  California  Division  of  Oil  and  Gas. 

*  No  reserves  estimated  because  of  lack  of  data,  or  because  they  are  insufficient  to  justify 

pipeline  connections, 
t  First  gas  production  reports  were  filed  in  1929.  Figures  for  earlier  years  were  estimated. 

'  Storage  only. 

^  Considered  to  be  returned  from  or  delivered  to  underground  storage.  Parentheses  indi- 
cate negative  figures  due  to  storage.  .\11  figures  are  net. 

^  Not  included  in  totals. 

*  Revised  figure. 

^  Figures  have  not  been  compiled.  Totals  Include  only  those  fields  for  which  entries  have 

been  made. 
•^  Includes  the  portion  of  Midway-Sunset  field  In  San  Luis  Obispo  County. 


'  Includes  the  portion  of  Trico  gas  field  In  Kings  and  Tulare  Counties. 

^  Includes  the  portion  of  Kettleman  North  Dome  field  In  Fresno  County. 

"  Includes  the  portion  of  Seal  Beach  field  In  Orange  County. 
'"  Includes  the  portion  of  Brea-Ollnda  field  in  Los  Angeles  County. 
'1  Includes  the  portion  of  West  Coyote  field  in  Los  Angeles  County. 
^  Includes  tlie  portion  of  Thornton  gas  field  in  San  Joaquin  County. 
^  Includes  tlie  portion  of  Vernalis  gas  field  In  Stanislaus  County. 
'1  Includes  the  portion  of  Russell  Ranch  field  in  San  Luis  Obispo  County. 
IS  Reactivated  field. 

'"  Includes  the  portion  of  Rio  Vista  gas  field  In  Sacramento  and  Contra  Costa  Counties. 
I'  Includes  the  portion  of  Winters  gas  field  in  Yolo  County. 
1^  Includes  the  portion  of  Ramona  field  In  Los  Angeles  County. 
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OREGON 

NATURAL  GAS    PIPELINES 

J 

AND 

GENERALIZED  DISTRIBUTION  SYSTEM 

yrEureko 

IN    CALIFORNIA 

(Data  obtained  from  Oil  and  Gas  Journal  ond  Colifornia 

Public  Utilities  Commission) 
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Figure  3. 


Production.  According  to  the  U.S.  Bureau  of  Mines, 
California's  marketed  production  of  natural  gas  in  1954 
was  507,289,000  thousand  cubic  feet  with  an  estimated 
value,  before  distribution,  of  $104,502,000.  Compared 
with  the  preceding  year,  the  volume  decreased  nearly 
5  percent  although  the  value  was  about  the  same.  Pre- 
liminary figures  indicate  that  a  moderate  increase  in 


production  will  be  recorded  in  1955.  However,  substan- 
tial increases  in  production  in  the  future  cannot  be 
expected  without  further  important  discoveries. 

Reserves.  The  small  additions  to  the  state's  reserves 
of  natural  gas  have  come  mainly  from  extensions  and 
revisions  in  known  oil  and  gas  fields,  and  to  a  lesser 
extent  from  discoveries  of  new  fields  and  new  pools  in 


Natural  Gas — Hart 
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Table  S.     Consumption  of  natural  gas  in  California- 
(Data  from  V.  S.  Bureau  of  Mines.) 


-1948-53. 


Uses 

1948 

1949 

1950 

1951 

1952 

1953 

Residential  (heating  and  some  cooking) 

157,327 

2,336,110 

61.2 

70,875 

203,820 

39.5 

132,445 
73,623 
61,178 

122,167 

174.811 

2,508,894 

61.3 

77,800 

190,960 

39.7 

130,218 
47,527 
65,342 

123,625 

179,351 

2,681,814 

66.4 

72,707 

192,136 

41.4 

139,584 
56,671 
78,322 

157,289 

196,819 

2,869,904 

67.8 

72,676 

200,568 

45.4 

158,050 
77,764 
83,141 

199,398 

228,390 

3,007,954 

69.9 

79,757 

235,128 

50.6 

154,654 
75,696 
74,287 

179,736 

223,649 

3,163,000 

72.9 

Commercial  (heating) 

78,790 

240,000 

55.7 

Industrial  (fuel  and  some  chemical) 
Volume' 

159,349 

81,220 

117,5.59 

201,676 

389,413 
21.2 

617,615 
33.5 

366,712 
19.6 

619,323 
33.9 

431,866 
18.9 

683,924 
33.7 

518,353 
21.3 

787,848 
35.1 

484,373 
23.4 

792.520 
39.5 

559,804 

26.2 

Total  consumption 

862,243 

39.9 

'Millions  of  cubic  feet. 

•  Cents  per  1.000  cubic  feet. 

*  Portland  ciment.  carbon  black,  etc. 

old  fields.  These  additions  have  not  kept  pace  with  net 
withdrawals  in  recent  years  and,  as  a  result,  California's 
natural-gas  reserves  have  steadilj'  declined.  For  ex- 
ample, total  reserves  on  January  1,  1955,  were  8,703,- 
153,558  thousand  cubic  feet  compared  to  9,071, 542. ■403 
on  January  1,  1954,  a  decrease  of  4  percent  (Musser, 
1954).  Since  1950  the  state's  reserves  have  declined 
about  10  percent. 

Processing.  Before  natural  gas  is  ready  for  con- 
sumption, it  is  usuallj'  processed  to  remove  oil,  water, 
dust  and  other  impurities  and  is  then  odorized  so  that 
leakage  can  be  detected.  Nearly  all  of  the  wet  gas  is 
processed  at  natural-gasoline  and  cycle  plants  for  re- 
moval of  the  valuable  natural  gasoline  and  liquefied 
petroleum  gases  (see  the  section  on  natural-gas  liquids 
for  a  more  detailed  discussion).  Many  operators  find  it 
necessary  to  remove  hydrogen  sulfide  (Hi>S),  a  very 
toxic  gas.  which  may  be  utilized  as  a  byproduct  to  man- 
ufacture elemental  sulfur  or  sulfuric  acid.  Carbon  diox- 
ide (COo).  an  inert  gas,  decreases  the  heating  value  of 
the  natural  gas.  At  least  one  operator  advantageously 
removes  the  carbon  dioxide  as  a  byproduct  for  the  man- 
ufacture of  dry  ice  and  at  the  same  time  has  increased 
the  heating  value  of  the  natural  gas. 

VlUhation  and  DisiribHtion.  The  use  of  natural  gas, 
in  the  rest  of  the  United  States  as  well  as  in  California, 
has  grown  tremendously  in  the  last  several  years.  In 
1954,  natural  gas  supplied  the  United  States  with  25 
percent  of  its  total  energy  requirements  as  compared  to 
4  percent  in  1920  and  14  percent  in  1947.  California 
consumed  nearly  11  percent  of  the  natural  gas  utilized 
in  the  United  States  in  1953  and  was  second  only  to 
Texas.  The  natural  gas  distribution  system,  an  integral 
part  of  the  natural-gas  industry,  has  expanded  at  a  rate 
proportional  to  that  of  the  industry.  Natural-gas  pipe- 
line mileage  in  the  state  has  increased  from  22,000  in 
1935  to  40,800  in  1954,  with  the  most  rapid  growth 
coming  in  the  last  7  A^ears.  In  1954,  California  had  340 


miles  of  field  and  gathering  mains,  4,820  miles  of  trans- 
mission mains,  and  35,640  miles  of  distribution  mains, 
accounting  for  nearly  10  percent  of  the  nation's  natural- 
gas  pipelines. 

The  uses  of  natural  gas  can  be  conveniently  broken 
down  into  three  major  groups — residential,  commercial, 
and  industrial.  Nearly  all  of  the  gas  utilized  by  residen- 
tial and  commercial  consumers  is  for  heating  purposes. 
In  industry,  natural  gas  is  used  primarily  as  a  fuel,  but 
some  is  also  used  as  a  chemical  raw  material. 

Residential  consumers  of  natural  gas  in  1954  num- 
bered 3,303,000,  an  increase  of  7  percent  over  the  pre- 
vious year.  In  1953,  residential  consumption  amounted 
to  26  percent  of  the  total  gas  consumed  in  the  state.  The 
demand  for  residential  gas  for  space  heating,  cooking, 
and  water  heating  will  continue  to  be  high  during  the 
next  few  years  as  new  homes  are  constructed.  In  the  Los 
Angeles  area  during  1954,  for  example,  92.9  percent  of 
all  new  homes  were  equipped  with  gas  ranges,  98.8  per- 
cent with  gas  water  heaters,  and  99.5  percent  with  gas 
heating  equipment  (Wells  Fargo  Bus.  Rev.,  1955). 

Commercial  use  of  natural  gas  primarily  includes  the 
space  heating  of  all  types  of  building  structures  other 
than  residential.  Consumption  in  this  classification  has 
increased  very  little  during  the  last  few  years,  although 
the  number  of  consumers  in  California  increased  sub- 
stantially over  the  same  period  of  time.  Commercial 
heating  amounted  to  9  percent  of  the  total  consumption 
in  the  state  in  1953. 

Although  industrial  consumption  of  natural  gas  has 
fluctuated  somewhat  during  the  last  several  years,  a 
strong  over-all  increase  has  been  recorded.  U.  S.  Bureau 
of  Mines  statistics  show  that  gas  utilized  in  California 
industry  increased  by  44  percent  from  1948  to  1953. 
Natural  gas  in  industry  is  used  mostly  for  fuel,  with 
small  amounts  used  as  a  chemical  raw  material.  Gas,  as 
an  industrial  fuel,  is  utilized  mainly  in  field  plants  and 
well  drilling,  refineries  and  pump  stations,  electric 
power  generation,  portland  cement  plants,  natural-gas 
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Table  6.     Numher  of  natural  pas  consumers  in  California  on 
December  31,  1936-54* 

(Thousands  of  consumers.) 


Table  7.     Fields  employing  gas  injection  in  California  in  lySJ/. 
(Data  from  Conservation  Committee  of  California  Oil  Producers.) 


Year  (On  Dec.  31) 

Residential 

Commercial 

Total 

1936  ,--          

1,427 
1,483 
1,541 
1,611 
1,693 
1,799 
1,867 
1,884 
1,922 
1,967 
2,034 
2,186 
2,336 
2,509 
2,682 
2,870 
3,008 
3,163 
3,303 

90 

90 

90 

92 

93 

103 

105 

145 

163 

169 

181 

184 

204 

191 

192 

200 

235 

240 

256 

1,517 

1937 

1,573 

1938 

1939- 

1,631 
1,703 

1940 

1,786 

1941  .   

1,902 

1942 

1,972 

1943                             ■               --   - 

2,029 

1944.-   

2,085 

194S 

1946                     -        

2,136 
2,215 

1947 

2,370 

1948 

1949 -- 1 

19S0  -- - 

2,540 
2,700 
2,874 

1961                       -       -    .    -    

3,070 

1952 - 

1953 - 

1954                

3,243 
3,403 
3,659 

*  Data  fiom  U.  S.  Bureau  of  Mines. 

pipeline  compressors,  ceramic  and  glass  manufacture, 
food  processing,  textile  manufacture,  metal  fabrication, 
and  primary  iron  and  steel  industries. 

Natural  gas  used  in  the  chemical  industry  of  .Cali- 
fornia amounts  to  a  small  percentage  of  the  total  gas 
consumed  in  the  ,state.  However,  the  ultimate  value  of 
the  chemical  products  derived  from  gas  is  ,many  times 
higher  than  the  value  of  gas  when  it  is  used  as  a  fuel. 
By  processing  the  methane  and  ethane  components  of 
natural  gas,  chemical  manufacturers  obtain  a  myriad  oi 
chemical  intermediates  and  end  products.  A  few  of  the 
better  known  products  derived  from  methane  are  am- 
monia, carbon  dioxide,  methyl  alcohol,  nitric  acid,  urea, 
formaldehyde,  pharmaceuticals,  carbon  tetrachloride, 
acetylene,  various  resins,  and  carbon  black.  The  most 
important  products  derived  from  ethane  are  polyethyl- 
ene, ethyl  alcohol,  ethylene  glycol,  tetraethyl  lead, 
acrylonitrile,  dacron,  styrene,  detergents,  and  acetjc 
acid  (Crockett,  1955,  pp.  165-173,  and  Cattell  ef'al.', 
1955,  pp.  6-12).  Not  all  of  the  above  products  are  manu- 
factured in  California.  ,  , 

The  total  value  of  natural  gas  at.  points  of  consump- 
tion for  California  in  1953  amounted  to  $343,682,000,  an 
increase  of  nearly  10  percent  over  the  preced,ing  year. 
Residential,  commercial,  and  industrial  values  were 
$162,967,000,  $43,907,000,  and  $136,808,000, ' /respec- 
tively. Large  differences  in  rates  exist  among  the  three 
classes  of  consumers.  Highest  rates  are  paid  by  resi- 
dential users.  Commercial  users,  because  of  the  larger 
volumes  of  consumption  by  individual  consumers,  have 
lower  rates.  Industrial  users  pay  the  lowest  rates  because 
they  use  large  volumes  at  times  of  lowest  demand  and 
accept  limited  service  at  times  of  greatest  demand.  Av- 
erage rates  paid  per  thousand  cubic  feet  in  1953  were : 
(1)  residential — 72.9  cents;  (2)  commercial — 55.7  cents; 
and  (3)  industrial— 26.2  cents  (Colb;^,  et  al.,  1953). 

Gas  Injection.  Natural  gaS  is  withdrawn  from  oil 
and  gas  fields  of  California  in  much  larger  amoun,ts  than 
the  ordinary  production  figures  indicate.  For  every  2 
cubic  feet  of  gas  made  available  for  consumption,  nearly 
1  cubic  foot  of  gas  is  reinjected  into  oil-bearing  and  con- 
densate-bearing formations  for  the  purpose  of  increasin^^ 


County 


Fresno - 
Kern-- 


Kings 

LoS  -Angeles -  - 

Orange 

Santa  Barbara 


Field 


Coalinga,   East,   Extension 

Belridge,  North 

Canal - 

Coles  Levee,  North 

Coles  Levee,  South 

Cymric 

Elk  Hills 

Greeley 

McDonald  Anticline 

Midway-Sunset     (Buena 

Vista  Hills  area) 

Paloma 

Rio  Bravo * 

Ten  Section 

Kettleman,  North  Dome  _  _ 

Castaic  Junction 

Honor  Rancho 

Newhall-Potrero 

Rosecrans 

Wilmington .. 

Coyote  West 

Huntington  Beach 

Capitan 

Cuyama,  South ---. 

ElWood -.i'. 

Lompoc 

Russel  Ranch '. 

State  total 


Gas   injected 

in  1954 

(thousand 

cu.  ft.) 


6,990,005 

22,636,.561 

2,221, .379 

27,470,836 

22,875,790 

866,201 

912,289 

5,249,032 

3,164 

12,131,740 

34,314,360 

6,477,942 

704,062 

35,451,972 

333,353 

766,928 

14,255,681 

1.39,957 

2,771,104 

10,983,335 
514,933 

79,863 

9,536,216 

657,180 

230,089 

7,166,784 


Reason 

for 
injection 


PPM 

PPM 

PPM 

PPM  &  PM 

C— PPM 

PM 

RP 

PM 

?  Ex. 

PPM  &  PM 
C— PPM 
PPM 
RP— Ex. 

RP  &  PPM 

PPM 
PPM 
PP.M 
GS— Ex. 
RP  &  PPM 

PPM 

GS  &  GS-Ex 

S— PM 

PPM 

PM 

PPM 

PPM 


225,740,756 


C— Cycling 

S — Storage 

Ex — Experimental  or  pilot  operation 
PM — Pressure  maintenance 
Pl^I^Partial  pressure  maintenance 
RP — Repressure 
GS — Gas  sweep 

the  recovery  of  liquid  hydrocarbons.  The  injection  meth- 
ods used  to  obtain  increased  recovery  may  be  considered 
to  be  of  the  following  types  (Uren,  1950,  pp.  491-93) : 
(1).  Pressure  maintenance — gas  is  injected  into  the  oil 
reservoir  before  the  field  pressure  has  been  appreciably 
reduced,  with  the  purpose  of  maintaining  or  partially 
maintaining  the  field  pressure  as  production  proceeds. 
(2)1  Repressuring — gas  is  injected  into  the  reservoir 
after  the  field  pressure  has  declined  to  relatively  low 
values,  with  the  purpose  of  restoring  or  partially  restor- 
ing the  field  pressure;  meanwhile,  all  producing  w^Us 
are  temporarily  shut  in.  (3).  Gas  sweep  or  drive — gas  is 
injected  into  the  oil-bearing  formation  for  the  purpose 
of  creating  a  flow  of  gas  through  the  reservoir  rock  from 
the  injection  wells  to  the  producing  wells.  (4).Cycling-- 
gas  is  injected  under  high  pressure  into  the  condensate 
reservoir  for  the  purpose  of  forcing  the  condensate-bear- 
ing gas  toward  the  producing  wells  and  also  to  maintain 
a  high  reservoir  pressure  to  prevent  a  retrograde  con- 
densation within  the  reservoir. 

Each  of  the  above  methods  of  injection  were  employed 
in  one  or  more  California  fields  in  1954,  with  a  total 
injection  of  225,740,756  thousand  cubic  feet.  Nearly  all 
of  this  gas  was  treated  at  natural  gasoline  and  cycle 
plants  for  removal  of  natural-gas  liquids  before  being 
returned  to  the  formationsi      -  : 
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I  11,1  i;i     4.     Tlio  Super  Iiicli  iiiiicliiic  r.iir.\  inn  imtiiial  khs  froni  Texas  and  \ew  Mexico  spans  the  Colorado  River  on  a  steel  arch  bridse 
.11  tar  left)   near  Needles,  California.  The  Pacific  Gas  and  Electric  Company's  compressor  station  across  the  river   (upper  middle)    helps 
I'ush  the  gas  to  central  and  northern  California  markets.  Completion  in  1957  of  an  adjacent  pipeline  bridge  will  help  to  fulfill  California's 
future  natural  gas  requirement.  Photo  courtesy  Pacific  Oas  and  Electric  Co. 
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In  addition  to  gas  injected  for  purposes  of  increased 
production  of  liquid  hydrocarbons,  smaller  amounts  of 
gas  are  injected  for  storage  or  conservation  purposes. 
Storage  facilities  are  operated  by  utility  companies  at 
La  Goleta,  Newhall-Potrero,  Playa  del  Rey,  Whittier  and 
other  areas.  This  tj'pe  of  operation  is  an  important  part 
of  the  gas  distribution  system  of  California  and  in  a 
sense  is  a  conservation  measure  in  the  elimination  of 
gas  wastage  during  periods  of  low  utilization  and/or 
high  oil  production. 

Table  8.     California  natural  gas  imports — 19il-!H. 

(Conservation  Committee  of  California  Oil 
Producers,  1955,  Tahle  XXXI.) 


Year 

Imports 

(thousands 
of  cu.  ft.) 

Year 

Imports 
(thousands 
of  ou.  ft.) 

1947 

1948 

1949 

1950 

3,490,204 

65,560,331 

94,098,642 

148,038,917 

1951 

1952 

1953 

1954 

243,749,325 

297,678,553 

357,118,918 

465,550,711 

Imports.  Prior  to  1947,  California's  natural  gas  re- 
quirements were  supplied  entirely  from  resources  within 
the  state.  However,  as  discoveries  of  new  sources  of 
natural  gas  have  not  kept  pace  with  rising  demand,  the 
importation  from  other  states  has  become  necessary.  In 
1947,  a  pipeline  was  completed  by  El  Paso  Natural  Gas 
Company,  which  supplied  California  with  3,500,204 
thousand  cubic  feet  of  gas  that  year.  Since  that  time  an 
enormous  increase  in  the  importation  of  natural  gas 
has  been  necessitated  by  the  rapid  rise  in  population 
and  industrialization,  the  increased  use  of  local  gas  for 
repressuring  oil  fields,  and  the  decreased  supply  and 
reserves.  In  1954,  the  total  gas  imported  into  California 
was  465,550,711  thousand  cubic  feet,  which  was  nearly 
equal  to  the  state 's  total  production  and  was  an  increase 
of  30  percent  over  the  previous  year. 

Natural  gas  imported  by  California  is  piped  from  the 
Permian  basin  of  west  Texas  and  southeast  New  Mexico 
and  from  the  San  Juan  basin  of  northwest  New  Mexico. 
Nearly  half  of  this  gas  is  supplied  to  the  Pacific  Gas 
and  Electric  Company  at  Topock,  Arizona  (near 
Needles,  California)  and  the  balance  is  delivered  to  the 
Southern  California  and  Southern  Counties  Gas  Com- 
panies at  Ehrenberg  (near  Blythe,  California)  (Con- 
servation Committee,  1955,  p.  72). 


The  fast-growing  population  of  California  probably 
will  require  that  natural  gas  be  imported  into  the  state 
at  an  increasing  rate  for  at  least  the  next  few  years. 
These  added  imports  can  be  supplied  by  the  Permian 
and  San  Juan  basins  in  the  near  future,  and  possibly 
even  by  Canadian  fields  in  the  distant  future.  In  order 
to  handle  the  expected  continuous  import  increases.  El 
Paso  Natural  Gas  Company  and  the  three  gas-importing 
companies  of  California  are  constantly  planning  and 
constructing  new  pipeline  facilities. 
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NATURAL-GAS  LIQUIDS 

By  Karl  \V.  Hart 


Natural-gas  liquids  rank  second  in  value  among  the 
mineral  commodities  produced  in  California,  just  ahead 
of  natural  gas  and  exceeded  only  by  petroleum.  The  pro- 
duction of  natural-gas  liquids  from  petroleum  and  gas 
wells  in  the  state  has  increased  for  many  years,  al- 
though a  slight  decrease  was  noted  in  ]954.  Partial  fig- 
ures indicate  that  the  production  for  1955  will  be  about 
the  same  as  that  of  the  preceding  year  (Knudsen,  1955). 
In  recent  years  the  production  of  natural-gas  liqxiids  in 
California  has  been  restricted  somewhat  by  the  lack  of 

portant  new  discoveries  of  reserves.  The  known  re- 
serves have  remained  rather  constant  for  the  past  decade, 
being  330,249,000  barrels  on  December  31,  1954.  Al- 
though the  trends  in  the  uses  of  natural-gas  liquids 
change  almost  continually,  two  definite  trends  seem  to 
be  indicated  in  1955:  (1)  The  petrochemical  industry 
will  continue  to  use  more  and  more  liquefied  petroleum 
gases  and  natural  gasoline  products,  as  well  as  to  de- 
velop new  uses  for  these  raw  materials;  and  (2)  the 
demand  for  higher  octane  gasoline  will  cause  the  re- 
fineries to  reform  natural  gasoline  catal.vtically,  or 
process  it  some  other  way  to  increase  the  octane  before 
blending  with  refinery  gasoline. 

Definitions.  Natural-gas  liquids  are  those  liquid  hy- 
drocarbons   that    are    obtained    from    natural    gas    by 

.bsorption  and  condensation.  The  principal  liquids  so 
bbtained  are  grouped  as  natural  gasoline,  cycle  con- 
densate, and  liquefied  petroleum  gases.  The  liquefied 
petroleum  gases  (LP-gases)  are  composed  of  propane, 
normal  (n-)  butane  and  isobutane,  which  are  produced 
and  utilized  separately  or  as  various  mixtures.  Lique- 
fied refinery  gases  (LR-gases)  are  the  same  as  LP-gases, 
;cept  LR-gases  are  not  obtained  from  natural  gas  by 
extraction,  but  rather  are  products  of  petroleum  crack- 
ing and  other  refinery  processes.  LR-gas  sales  figures 

,re  included  with  LP-gas  sales  figures,  but  the  produc- 
tion figures  are  separate. 

Occurrence  and  Composition.  Natural  gas,  from 
which  natural-gas  liquids  are  obtained,  occurs  in  sub- 
surface reservoirs.  Within  these  reservoirs,  the  gas  exists 
in  three  natural  environments :  ( 1 )  Dissolved  in  crude 
oil;  (2)  associated  (in  contact)  with  crude  oil  as  a  gas 
cap;  and  (3)  not  associated  with  crude  oil.  The  reser- 
voirs containing  natural  gas  dissolved  in  or  associated 
with  crude  oil  yield  all  of  the  natural-gas  liquids  in 
California.  Natural  gas  not  associated  with  oil  contains 
too  small  an  amount  of  natural-gas  liquids  for  these 
liquids  to  be  commercially  extracted  in  California. 

Wells  in  the  Los  Angeles  basin,  southern  San  Joaquin 
Valley,  and  coastal  region  which  includes  Ventura, 
Santa  Barbara,  and  San  Luis  Obispo  Counties  supply 
all  of  the  natural-gas  liquids  produced  in  the  state.  The 
10  fields  that  were  most  productive  of  such  liquids  in 
1953  were,  in  order,  (1)  Ventura  Avenue,  (2)  Kettle- 
man  Hills,  (3)  Paloma,  (4)  Long  Beach,  (5)  Hunting- 
ton Beach,  (6)  South  Coles  Levee,  (7)  Wilmington,  (8) 
Richfield,  (9)  Santa  Fe  Springs,  and  (10)  Midway- 
Sunset  (from  the  U.  S.  Bureau  of  Mines,  unpublished 
data). 


a: 


The  composition  of  natural  gas  in  California,  as  else- 
where in  the  world,  varies  from  field  to  field.  The  volatile 
portions  are  composed  essentially  of  hydrocarbons  of 
the  paraffin  (methane)  series  in  which  methane  (CH4) 
is  predominant,  followed  by  decreasing  proportions  of 
ethane  (C2H6),  propane  (CsHg),  butanes  (C4H10), 
pentanes  (C5H12),  and  the  heavier  paraffin  hydrocar- 
bons. The  principal  gaseous  impurities  are  nitrogen  (N), 
carbon  dioxide  (CO2)  and  hydrogen  sulfide  (H2S). 
These  impurities  generally  amount  to  a  small  percentage 
of  the  gas  but  may  amount  to  10  percent  or  considerably 
more. 

Table  1.     Physical  properties  of  a  few  of  the  natural  hydrocarhons 
of  the  paraffin  (methane)  series. 


(After 

Interstate  Oil  Compact  Commission,  Oil  and  gas 

production,  1951,  Table  II,  p.  26.) 

Name 

Chemical 

Con- 
dition 

at60°F. 

&  14.63 

Boiling 
pt.  in  "F. 

Gas  or  liquid  in 

formula 

at  normal 
conditions 

which  contained 

psi 

Methane 

CH4 

Gas 

—258.5 

Natural  gas 

Ethane _ 

CiHa 

" 

—127.5 

«          « 

Propane 

C3Hs 

« 

—43.9 

LP-gases 

N-Butane 

CiHio 

31.1 

Iso-Butane 

C.Hio 

13.6 

'■ 

N-Pentane . 

CsHii 

Liquid 

96.9 

Natural  gasoline  or  condensate 

Iso-Pentane 

CsHi! 

82.3 

«              <-          ^< 

N-Hexane 

CeHu 

« 

155.8 

„ 

Iso-Hexane 

CeH,, 

« 

140.4 

.. 

N- Heptane 

CvHia 

" 

209.1 

.. 

Iso-Heptane 

CtHk 

" 

194.0 

-t 

N-Octane 

CsHis 

" 

258.2 

-.              ..          «              « 

Iso-Octane 

CsHis 

210.5 

„ 

Other  paraffins. 

C„Hi„+j 

---- 

"              "          "              ** 

Natural  gas  is  generally  classified  in  the  field  as ' '  dry ' ' 
or  "wet."  Dry  gas  contains  little  or  no  liquid  hydro- 
carbons and  therefore  is  not  processed  for  the  natural- 
gas  liquids.  Wet  gas  contains  varying  amounts  of  the 
natural-gas  liquids  which  can  usually  be  extracted  if 
enough  natural  gas  is  available.  The  normal  products 
derived  from  wet  gas  are  natural  gasoline  and  the 
liquefied  petroleum  gases. 

A  special  type  of  wet  gas  is  condensate  or  retrograde 
gas  which  exists  in  the  subsurface  reservoir  under  very 
high  pressures,  usually  more  than  3500  pounds  per 
square  inch.  This  gas  is  similar  to  other  wet  gases,  but 
it  contains  larger  amounts  of  the  heavier  paraffins  plus 
certain  other  hydrocarbons  of  kerosenes  and  naphthas. 
The  products  obtained  from  a  condensate  field  are  nat- 
ural gasoline,  LP-gases,  and  cycle  (debutanized) 
condensate. 

Natural  Gasoline  and  Cycle  Plants.  The  processing 
of  wet  gas  to  obtain  the  various  natural-gas  liquids  is 
done  at  natural  gasoline  and  cycle  plants  in  or  close  to 
the  producing  fields.  (For  the  locations  of  oil  fields,  in 
California,  see  the  map  in  the  petroleum  section  of  this 
bulletin.)  The  principal  type  of  gasoline  plant  used  in 
California,  and  elsewhere,  employs  a  combination  com- 
pression-oil absorption  process.  In  this  process,  the  wet 
gas  is  first  subjected  to  pressure  and  cooling,  which  con- 
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FlOTJBE    1. 


Simplified  flow  sheet  of  a  typical  natural  gasoline  plant  using  a 
compression-oil  absorption  process. 


denses  out  some  of  the  liquids  and  removes  any  traces 
of  crude  oil.  Then,  the  gas  is  bubbled  through  a  special 
absorption  oil,  which  has  been  cooled.  This  oil  absorbs 
the  volatile  gas  liquids,  leaving  the  residue  gas  ' '  dry. ' ' 
The  ' '  rich ' '  oil  is  then  heated  and  fed  to  a  series  of  dis- 
tillation towers.  With  the  aid  of  heat  and  steam,  the 
gas  liquids  are  stripped  from  the  absorption  oil,  which 
is  returned  for  reuse.  Then  each  of  the  gas  liquids — 
natural  gasoline,  butane,  and  propane — is  distilled  out 
in  fractionating  towers  at  each  one 's  particular  tempera- 
ture. Meanwhile,  the  dry  residue  gas  may  be  sent  to 
compressors  for  injection  into  the  formation  in  order  to 
repressure  the  reservoir  or  it  may  be  sold  as  fuel.  Some 
of  the  residue  gas  commonly  is  used  to  operate  the  gaso- 
line plant  (Standard  Oil  Co.,  1955). 

The  cycle  plants  in  California,  at  Paloma  and  South 
Coles  Levee,  are  similar  to  gasoline  plants  in  that  they 
employ  the  compression-oil  absorption  method  as  part  of 
the  condensate  gas  processing.  However,  they  have  two 
additional  features.   (1)  The  wet  gas  from  the  conden- 

Tahle  2.     Largest  capacity  gasoline  plants  and  cycle  plants 
in  California  as  of  January  1,  195^. 

(Data  from  Knudsen,  1954.) 


Daily  capacity  in  barrels 

Gasoline  plants 

Natural 
gasoline 

LP-gases 

Total 

Shell  Oil  Co  at  Ventura                     

7,142 
1,858 
2,150 

952 

1,667 
1,667 

2,400 
2,600 

1,786 
3,570 
2,350 

2,976 

1,515 
1,428 

617 
400 

8,928 

Standard  Oil  Co.  at  Kettleman  Hills- 
Tidewater  Assoc.  Oil  Co.  at  Ventura.. 

(plants  2,  4,  and  6) 
Richfield  Oil  Corp.  at  N.  Coles  Levee.  . 
Wilmington  Gasoline  Co.  at  Wilming- 

5,428 
4,500 

3,928 

3,182 

P.  S.  Magruder  at  Kettleman  Hills 

(Western  States  plant) 
Signal  Oil  and  Gas  Co.  at  Huntington 

Beach                             -         --- 

3,095 
3,017 

Lomita  Gasoline  Co.  at  Long  Beach... 

3,000 

Cycle  plants 

Natural 
gasoline  & 
condensate 

LP-gases 

Total 

Western  Gulf  Oil  Co.  at  Paloma 

Ohio  Oil  Co.  at  S.  Coles  Levee 

5,200 
3,400 

3,500 
1,500 

8,700 
4,900 

Table  3.     Production  of  natural-gas  liquids  in  California — 1953-5Ji. 
(Data  from  U.  S.  Bureau  of  Mines.) 


Production  (thousands  of  barrels) 

Year 

Natural 
gasoline 

LP-gases 

Cycle 
condensate 

Total 

natural-gas 

liquids 

1954 

19,007 
19,328 

9,620 
9,466 

2,094 
2,347 

'30,721 

1953 

31,141 

1  Preliminary  figure. 

sate  reservoir  is  initially  processed  by  a  series  of  heat 
exchangers  and  separators  to  remove  the  heavier  frac- 
tions of  the  gas  liquids,  which  results  in  the  product 
known  as  cycle  or  debutanized  condensate.  The  remain- 
ing wet  gas  is  further  processed  by  normal  gasoline 
plant  methods.  (2)  The  residue  gas,  from  which  the 
liquid  fraction  has  been  removed,  is  compressed  to  a  high 
pressure  (4000  pounds  per  square  inch  or  more)  and  in- 
jected into  the  formation  in  order  to  force  the  conden- 
sate-bearing gas  in  the  reservoir  to  the  producing  wells 
to  allow  for  a  high  recovery  of  the  natural-gas  liquids. 
On  January  1,  1954,  seventy-one  natural  gasoline  and 
two  cycle  plants  operated  in  California  with  a  total 
daily  capacity  of  75,460  barrels  of  natural  gasoline  and 
cycle  condensate  and  36,410  barrels  of  liquefied  petro- 
leum gases  (Knudsen,  1954).  This  ranked  California 
second  behind  Texas,  with  14  percent  of  the  total  plants 
and  12  percent  of  the  total  capacity  in  the  country.  The 
capacity  of  California  natural-gasoline  plants  was  down 
slightly  from  January  1,  1953.  The  number  of  plants 
in  California  has  decreased  sharply  from  a  maximum 
of  172  in  1926  (API,  1929,  p.  153),  and  since  that 
time  there  has  been  a  clear  trend  toward  fewer  plants 
with  larger  capacities.  However,  a  leveling-off  Avas 
reached  in  1947-48,  after  which  there  was  only  a  slight 
decrease  in  the  number  and  an  increase  in  the  total 
capacity  of  the  plants  (API,  1950,  pp.  204-205). 

New  gasoline  plants  were  built  at  South  Cuyama  in 
1950,  Belgian  anticline  in  1952  and  Castaic  in  1954. 
During  the  same  period  five  plants  were  shut  down  or 
dismantled     at     Brea-Olinda,     Rosecrans,     Montebello, 
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Figure  2.  Niilunil  yasoline  plant  at  Elk  Hills  tiild  m  K<in  County.  Photo  shows  absorption, 
distillation,  and  fractionating  towers  at  right,  cooling  tower  in  center,  furnaces  in  background 
and  storage  tank  at  far  left.  Photo  courtesy  of  Standard  Oil  Company  of  California. 


Midway-Sunset  and  Signal  Hill  (Long  Beach).  Un- 
fortunately, the  Arvin-Tehaehapi  earthquake  of  July  21, 
1952,  caused  severe  damage  to  the  cycle  plant  at  Paloma, 
16  miles  southeast  of  Bakersfield  and  resulted  in  an  ex- 
plosion and  fire.  The  damage  was  estimated  at  $1,800,000 
and  about  4^  months  of  repair  work  was  required  to  get 
the  plant  back  to  normal  production  (Johnston,  1955). 
The  distribution,  by  companies  and  number  of  plants, 
of  the  operating  natural-gasoline  and  cycle  plants  in 
California  on  January  1,  1954,  were : 

Standard  Oil  Co.  of  California 16 

Union  Oil  Co.  of  California 12 

Shell  Oil  Co.,  Ine 7 

General  Petroleum  Corp 4 

Richfield  Oil  Corp 3 

Signal  Oil  and  Gas  Co 3 

The  Texas  Co 3 

21  other  operators  of  one  or  two  plants  each 25 

Total 73 

Production.  Production  of  natural  gasoline  was  first 
recorded  in  California  about  1911  and  production  of 
liquefied  petroleum  gases  began  about  15  years  later. 
The  Paloma  field  accounted  for  the  first  cycle-conden- 
sate production  in  1944.  The  production  of  natural  gas- 
liquids  rose  steadily  at  first,  increased  rapidly  from  1923 
ito  1929,  dropped  during  the  depression  years,  and  began 
to  rise  again  in  1935.  Beginning  in  1943  another  strong 
trend  upward  was  initiated,  culminating  in  a  peak  pro- 
duction in  1953  of  31,141,000  barrels  of  natural-gas 
liquids  which  was  valued  at  $107,652,000.  In  that  year, 
California  produced  13  percent  of  the  national  total, 
and  was  exceeded  only  by  Texas,  which  produced  more 
Ithan  half  the  national  total.  California  recorded  a  slight 
decrease  in  production  in  1954. 

More  than  570  billion  cubic  feet  of  natural  gas  was 
iprocessed  in  California  in  1954,  from  which  30,721,000  ^ 
barrels  of  liquids  were  produced.  The  average  yield  of 


Table  .}.     Prodi(Ction  of  natural-gas  liquids  in,  California.* 
(Thousands  of  barrels.) 


Year 

Production 

Year 

Production 

1911 

5 

1934 

12,086 

1912 

--. 2S 

1935 

12,962 

1913 

83 

1936 

14,569 

1914 

185 

1937 

15,274 

1915-. 

._       306 

409 

1938 

16,438 

1916 

1939 

15,251 

1917 

686 

1940 

15,122 

1918 

768 

1941 

15,709 

1919 

932 

1942 

15,079 

1920.. 

1,148 

1943 

16,508 

1921.  .  . 
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1944 

18,364 

1922 

1,598 

1945 

21,232 

1923 

4.127 

1946 

21,679 

1924 

5,537 

1947 

25,336 

1925 

7,219 

1948 

26,549 

1926. 

9,271 

1949 

27,154 

1927 

11,858 

1950 

28,328 

1928 

13,907 

1951 

29,533 

1929 

20.008 

1952 

30,114 

1930 

19.756 

1953 

31,141 

1931 

16,199 

1954 

130,721 

1932 

1933  . 

11  aru 

Cumulative  total — 

579  623 

•  Preliminary  figure.  A  later  preliminary  figure  of  the  U.  S.  Bureau 
of  Mines  indicates  total  production  to  be  30,411,000  barrels 
valued  at  $104,673,000. 


•Statistical  sources  by  years:  1911-31.  U.  S.  Bur.  Mines;  1932-40.  Petroleum  World; 

1941-45.  Am.  Petroleum  Inst,  and  U.  S.  Bur.  Mines;  1936-54,  U.  S.  Bur.  Mines. 
'  Preliminary  figure. 

natural  gas  treated  at  natural-gasoline  and  cycle  plants 
amounted  to  .0537  barrels  or  2.25  gallons  ^  per  1,000 
cubic  feet.  The  average  yield  has  been  relatively  con- 
stant for  the  last  several  years. 

Reserves.  Texas  has  56  percent  of  the  natural-gas 
liquid  reserves  in  the  United  States,  followed  in  turn  by 
Louisiana  (17  percent).  New  Mexico  (6  percent),  Okla- 
homa (6  percent),  and  California  (6  percent).  Cali- 
fornia reserves  have  increased  very  little  since  1946, 
amounting  to  330,249,000  barrels  on' December  31,  1954. 
Of  the  state's  total  reserves,  68  percent  is  dissolved  in 
crude  oil  and  32  percent  is  associated  with  crude  oil 
as  a  gas  cap  (Am.  Gas  Assoc,  1955,  p.  11). 

=  One  barrel  equals  42  U.  S.  gallons. 
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Table  5.     Production  of  natural-gas  liquids  in  California  by  month  and  type  of  liquid  for  195Ji* 


Month 


January  _  _ 
February. 

March 

April 

May 

June 

July 

August 

September 
October — 
November 
December. 

Total. 


Gas 
treated 
(million 
cu.  ft) 


48,890 
45,265 
48,779 
47,924 
49,238 
47,835 
48.625 
46,310 
47.028 
47.704 
46.600 
48,474 


572.672 


Production  in  thousands  of  barrels 


Natural 
)line 


1,566 
1,385 
1,558 
1,516 
1,652 
1,618 
1,714 
1.691 
1.622 
1.633 
1.529 
1.523 


19,007 


Butane- 
propane 
mixtures 


102 

120 

120 

109 

96 

90 

95 

98 

111 

105 

96 


Other 
LPG 

mixtures 


84 
68 
83 

74 
78 
67 
80 
73 
74 
73 
72 
73 


899 


Propane 


476 
476 
407 
283 
295 
280 
290 
325 
445 
533 
644 


5,043 


Butanes 


115 
115 
110 
126 
115 
138 
135 
133 
114 
120 
117 
137 


1,475 


Iso-butane 


73 
77 
99 
83 
95 
79 
78 
71 
79 
81 
77 
69 


Debutanized 
condensate 


181 
164 
182 
178 
180 
167 
171 
181 
173 
173 
169 
174 


'2.094 


NOTE:   The  production  of  propane  is  sharply  reduced  from  May  through  September.  This  is  a  reliection  of  the  decreased  demand  for  propane  as  a  fuel  for  heating  purposes  during  the  summer. 
*  PreUminary  fiRures  obtained  from  U.  S.  Bur.  Mines  monthly  Petroleum  Situation  in  District  Five,  by  Knudsen,  E.  T..  Jan.-Dec.  1954. 
'  Adjusted  figure. 


Table  6. 


Production  of  natural  gasoline  and  liquefied  petroleum 
gases  by  counties — 1953. 


(Data  supplied  by  V.  8.  Bur 

Mines.) 

Natural  gasoline 

Liquefied  petroleum  gases 

County 

Barrels 

Value 

Barrels 

Value 

Fresno' 

Kern    . 

1,387,000 
^5,659,000 

630,000 
6,377,000 
3,090,000 

166,000 
1,003,000 
3,363,000 

$5,940,000 

222,261,000 

2.460.000 

25.485.000 

12,818,000 

699,000 

3,858,000 

12,170,000 

1,293,000 

2,850,000 

821,000 

1,084,000 

1,182,000 

277,000 

525,000 

1,434.000 

$3,284,000 
7,213,000 

Kings' 

1,913,000 
2,175,000 

2,604,000 

San  Luis  Obispo 

599,000 
1,025,000 

Ventura  _  - 

3,148.000 

Total     . 

=21, 675,000 

2185,691,000 

9,466,000 

$21,961,000 

Table  8.     Distribution  of  natural-gas  liquids  produced 
in  California  in  1954- 

(Data  from  U.  S.  Bur.  Mines.) 


'  Natural-gas  liquids  processed  in  Kettleman  Hills  oil  field  came  from  gas  produced  In 

both  Kings  and  Fresno  Counties.  Such  production  is  here  entirely  assigned  to  Kings 

County,  where  the  processing  plants  are  located. 
'  Includes  cycle  condensate. 

Table  7.     Estimated  proved  recoverable  reserves  of  natural-gas  liquids  in  California  on  December  31  for  the  years  1946-54^ 

(Thousands  of  barrels.) 


Pro- 
duction 

Shipments 

Natural-gas  liquids 

Within  Calif.,  Ore., 
Wash.,  Nov.,  &  Ariz., 

To  pts. 
outside 
CaUf., 

Ore., 
Wash., 
Nev.  & 

Ariz. 

To  refin- 
eries 

Other 
uses 

Total 

LP-gases 

9,620 
19,007 
2,094 

5,091 

18,650 

1,679 

4.463 

28 

0 

139 
323 
396 

9,693 
19,001 
2,075 

Natural  gasoline 

Cycle  condensate 

Total 

30,721 

25,420 

4,491 

858 

30,769 

Percentage    of    total 

82.6 

14.6 

2.8 

100.0 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1 
1954 

Non-associated 

Associated . 

40.328 
107,300 
160,644 

36.900 
115.605 
159.646 

103,259 
204,659 

108,564 
211,711 

137,492 
225,895 

112,854 
216,462 

108,720 
213,787 

105,936 
218,930 

104,137 

226,112- 

Total 

308,272 

312.151 

307,908 

320,275 

363,387 

329,316 

322,507 

324,866 

330,249 

%of  U.S.  total.. 

10% 

10% 

9% 

9% 

9% 

7% 

6% 

6% 

6% 

'  Estimated  by  Am.  Gas  Assoc,  and  Am.  Petroleum  Inst. 

Distribution.  Of  the  natural-gas  liquids  produced  in 
1954  in  California,  82.6  percent  was  shipped  to  refineries 
in  California,  Oregon,  Washington,  Nevada,  and  Ari- 
zona, 14.6  percent  was  sold  for  use  as  a  fuel  and  in  the 
chemical  and  synthetic  rubber  industries  in  the  same 
states,  and  2.8  percent  was  shipped  outside  of  these 
states. 

Utilization.  Nearly  all  of  the  natural  gasoline  and 
cycle  condensate  produced  in  California  goes  to  the 
refineries,   mostly  to   be   used   in  the   manufacture   of 


automotive  fuels.  The  blending  of  natural  gasoline  with  ■ 
refinery  gasoline  has  been  an  accepted  practice.  IIow-  | 
ever,  the  demand  for  higher  octane  gasolines  has  been 
increasing  and  the  light  paraffins  of  natural  gasoline 
do  not  lend  themselves  well  to  this  purpose.  Therefore, 
the  pentanes  are  often  removed  for  non-gasoline  uses, 
then  the  natural  gasoline  is  catalyticaily  reformed  to 
produce  cyclic  and  aromatic  fractions  which  are  blended 
with  refinery  gasoline  to  improve  the  octane  ratings 
(Crockett,  1955).  Under  some  conditions  of  extraction, 
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Figure  3.  Large  LP-gas  hand  burner  used  to  control  weed  growth  in  irrigation  ditches  and  alongside  roads.  Weeds  are  killed  by  pass- 
ing high  temperature  flame  over  them  at  a  rate  of  about  1^  miles  per  hour.  After  sun  dries  weeds,  a  fast  second  pass  clears  ditch  or  road- 
side of  all  debris.  A  2.j0-gallon  trailer-mounted  gas  tank  supplies  fuel  which  is  used  at  a  rate  of  about  15  gallons  per  hour.  I'holo  courtesy 
LP  Gas  Associafion. 


I 
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Table  9.     Sales  of  LP-gases  and  LR-gases  in  California  in 
thousands  of  barrels — 1953-5^. 

(After  Coumbe  and  Avery,  1954.) 


Uses 

Butane 

Propane 

Mixture 

Totals 

1953 

1954 

1953 

1954 

1953 

1954 

1953 

1954 

Domestic    and    com- 
mercial.-   

0 

0 

0 

883 

397 

0 

19 

0 
0 
0 
259 
772 
0 
0 

2,366 
100 
146 
1 
730 
851 
19 

2,731 
128 
105 
165 
821 
675 
57 

1,755 
10 
18 
0 
0 
700 
16 

1.234 

11 

26 

16 

1 

512 

0 

4,121 

110 

164 

884 

1,127 

1,551 

54 

3,965 
139 
131 

Gas  manufacturing — 
Industrial    _ 

Synthetic  rubber 

Chemical  plants 

Internal  combustion  __ 
All  other 

440 

1,594 

1,187 

57 

Total  

1,299 

1,031 

4,213 

4,682 

2,499 

1,800 

8,011 

7,513 

cyclohexane,  benzene,  toluene,  and  the  xylenes,  among 
other  products,  are  produced  to  be  used  in  aviation  gas- 
oline, as  solvents,  and  in  the  manufacture  of  petrochemi- 
cals (explosives,  plastics,  dyes,  insecticides,  pharmaceu- 
ticals, etc.). 

The  uses  of  LP-gases  are  as  varied  as  those  of  natural 
gasoline.  More  than  half  of  the  LP-gases  produced  are 
shipped  to  the  refinery.  Here  the  butanes  are  important 
since  they  are  required  for  use  in  improving  the  vola- 
tility of  gasoline.  The  LP-gases  not  shipped  to  refineries 
are  sold,  along  with  LR-gases  for  domestic  and  indus- 
trial uses.  These  uses  and  the  percentages  of  total  LP- 
gases  sold  in  California  in  1954  are:  (1)  domestic  and 
commercial  heating — 53  percent;  (2)  chemical  (petro- 
chemical) plants — 21  percent;  (3)  internal  combustion 
in  tractors,  buses,  etc. — 16  percent;  (4)  synthetic  rub- 
ber industry — 6  percent;  (5)  gas  manufacturing — 
2  percent;  (6)  industrial  fuel  and  other  uses — 2  percent 
(Coumbe,  1954). 


Compared  Math  1953,  the  1954  LP -gas  sales  dropped 
more  than  5  percent.  Decreased  demand  for  synthetic 
rubber  accounts  for  part  of  the  drop,  and  sales  for 
internal  combusion  were  also  substantially  reduced. 
Contrary  to  the  overall  decrease,  a  40  percent  increase 
in  sales  to  chemical  plants  was  registered  in  1954,  and  a 
strong  trend  toward  continued  expansion  of  the  petro- 
chemical industrv  is  indicated. 
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NICKEL 

By  Salem  J.  Rice 


More  than  60  percent  of  the  free  world's  output  of 
nickel  is  consumed  in  the  United  States,  but  domestic 
sources  account  for  less  than  1  percent  of  the  total  virgin 
nickel  production.  This  deficiency  is  especially  critical 
because  most  of  the  new  supply  of  the  metal  has  been 
diverted  to  defense  purposes  in  recent  years,  thus  creat- 
ing a  serious  shortage  for  civilian  manufacture.  By  the 
diverse  uses  of  its  many  alloys,  nickel  finds  its  way  into 
almost  every  phase  of  American  domestic  and  industrial 
life,  from  kitchen  utensils  and  appliances  to  experimental 
jet  and  rocket  research.  Many  attempts  have  been  made 
by  the  government  to  stimulate  production,  both  do- 
mestic and  foreign,  but  in  1956  the  demand  for  nickel 
apparently  still  considerably  exceeded  the  supply. 

Canada  is  the  principal  source  of  nickel,  accounting  for 
about  85  percent  of  the  free  world  production.  Other 
significant  sources  are  New  Caledonia,  Cuba,  and 
j   Norway. 

Although  California  has  no  recorded  nickel  produc- 
tion, evidence  of  several  types  of  nickel  mineralization 
are  widespread  in  the  state  and  the  possibility  of  com- 
mercial production  appears  reasonably  good. 

Mineralogy  and  Geologic  Occurrences 

Nickel,  a  silvery  white  metal,  ranks  twenty-fourth  in 
abundance  among  the  elements  of  the  earth's  crust.  For 
I'xample,  it  is  a  more  abundant  metal  than  copper,  lead, 
and  cobalt,  but  less  abundant  than  zinc,  chromium,  and 
manganese. 

Although  nickel  occurs  as  a  major  constituent  of  nu- 
merous minerals,  only  a  few  of  these  are  of  commercial 
^ignificance  as  ore  minerals.  It  has  not  been  found  as 
I  he  pure  native  metal,  but  it  is  alloyed  with  iron  in  some 
meteorites  and  in  a  few  rare  terrestrial  minerals.  Most 
tif  the  nickel  minerals  are  sulfides,  arsenides,  or  hydrated 
silicates.  The  principal  ore  minerals  are  the  sulfides 
pcntlandite  ((Ni,  Fe)S),  polydymite  (Ni,-iS4),  and  mill- 
I'l-ite  (NiS)  ;  the  arsenides  niccolite  (NiAs)  and  chloan- 
iliite  (NiAs2)  ;  and  garnierite,  a  hydrated  silicate  of 
nickel  and  magnesium.  Of  these,  pcntlandite  and  gar- 
nierite are  by  far  the  most  important.  Pcntlandite  has  a 
metallic  luster  and  a  light  bronze-yellow  color.  It  varies 
considerably  in  its  nickel  content,  the  iron  and  nickel 
being  mutually  replaceable.  Garnierite  is  a  soft,  green 
'■laylike  mineral  containing  variable  amounts  of  nickel 
and  magnesium.  Its  color  ranges  from  pale  green  in 
low-nickel  varieties  to  deep  bluish  green  in  high-nickel 
\arieties  (Peeora,  Hobbs,  and  Murata,  1949). 

Nickel  can  substitute  for  magnesium  and  ferrous  iron 
in  most  crystal  structures,  and  it  is  thus  found  in  nu- 
merous places  as  a  minor  constituent  of  minerals  not 
ordinarily  considered  to  be  nickeliferous.  In  places  such 
minerals  are  sufficiently  enriched  and  abundant  to  con- 
stitute nickel  ores.  One  of  the  most  important  of  these 
is  pyrrhotite,  an  iron  sulfide.  Magnesium-rich  minerals 
such  as  olivine  and  serpentine  commonly  contain  small 
amounts  of  nickel  where  they  are  constituents  of  basic 
and  ultrabasic  igneous  rocks.  For  example,  most  intru- 
sive serpentine  contains  0.1  to  0.3  percent  nickel,  and 
in  places  the  percentage  is  raised  to  as  much  as  2  percent 


by  supergene  enrichment  involving  replacement  of  mag- 
nesium by  nickel. 

Nickel  is  most  easily  detected  in  rocks  and  minerals 
by  dissolving  the  material  with  acids,  neutralizing  with 
ammonium  hydroxide,  and  adding  dimethylglyoxime  to 
the  filtered  solution.  If  nickel  is  present,  a  scarlet  precipi- 
tate of  nickel-dimethylglyoxime  is  formed.  This  is  a  very 
sensitive  test.  Nickel  sulfides  can  be  detected  simply  by 
licking  the  specimen  and  rubbing  dimethylglyoxime  pow- 
der on  the  test  area.  The  presence  of  nickel  sulfide  grains 
is  indicated  by  scarlet  spots. 

The  important  ores  of  nickel  are  of  two  distinct  types, 
which  differ  widely  in  occurrence  and  in  mode  of  origin. 
These  are  (1)  the  primary  ores,  comprising  the  nickel- 
bearing  sulfides  and  arsenides,  and  occurring  as  mag- 
matic  segregations  or  in  veins  deposited  at  considerable 
depths  by  rising  solutions;  and  (2)  the  secondary  or 
lateritic  ores,  largely  nickel  silicates  and  oxides,  which 
were  enriched  by  descending  solutions  and  concentrated 
at  or  near  the  surface  by  weathering  processes. 

Nickel  Sulfide  Ores.  Most  of  the  world  nickel  pro- 
duction is  obtained  from  complex  primary  ores  that  con- 
tain sulfides  of  nickel  and  copper.  These  ores  consist 
principally  of  pyrrhotite,  and  also  contain  subordinate 
pcntlandite  and  chalcopyrite.  Minor  percentages  of  gold, 
silver,  platinum,  cobalt,  selenium,  and  tellurium  are  also 
commonly  present,  and  in  many  places  one  or  more  of 
these  are  recovered  in  addition  to  nickel  and  copper. 

All  of  the  principal  nickel  sulfide  deposits  are  closely 
associated  with  basic  or  ultrabasic  igneous  rocks  such  as 
gabbro  and  peridotite.  In  these  deposits  the  sulfides 
occur  principally  as  magmatic  segregations,  or  as  re- 
placement masses  or  veins  within  or  adjoining  the  igne- 
ous rocks.  The  deposits  near  Sudbury,  Ontario,  which 
have  yielded  more  than  80  percent  of  the  total  world 
nickel  production  since  1905,  are  localized  at  or  near  the 
base  of  a  huge  sill-like  intrusion  of  norite,  a  variety  of 
gabbro. 

The  Sudbury  norite  body  crops  out  in  a  great  ellipse 
36  miles  long  and  17  miles  wide.  It  is  presumed  to  be 
spoon-shaped,  being  buried  in  the  central  portion  of  the 
basin  beneath  a  thick  cover  of  volcanic  and  sedimentary 
rocks.  Large  ore  bodies  have  been  found  at  about  15  lo- 
calities along  the  lower  contact  of  the  norite  and  along  a 
few  faults  below  this  contact.  The  nickel-bearing  ore 
occurs  as  lenses  of  nearly  pure  sulfides,  as  stringers,  as 
veins  along  shears,  as  disseminations,  and  as  matrix  in 
breccia.  The  ore  mined  at  most  of  the  deposits  contains 
0.8  percent  to  about  2  percent  nickel,  and  similar 
amounts  of  copper.  The  average  contains  about  1.5  per- 
cent of  each  (Material  Survey  on  Nickel,  1952,  p.  V-13). 
Most  of  the  ore  bodies  are  roughly  tabular  and  steeply 
dipping.  For  example,  the  Falconbridge  ore  body  is  a 
continuous  sheet  of  sulfides  about  3,500  feet  long  that 
lies  between  the  norite  and  the  underlying  greenstone. 
It  dips  almost  vertically  and  ranges  in  thickness  from  a 
few  inches  to  more  than  100  feet,  averaging  approxi- 
mately 15  feet.  This  ore  body  is  being  mined  at  a  depth 
of  about  4,000  feet  and  diamond  drilling  has  shown  that 
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it  extends  at  least  5,600  feet  below  the  surface  (Loeh- 
head,  1955). 

Nickel  sulfide  deposits  similar  to  those  near  Sudbury, 
but  not  as  large,  occur  in  South  Africa,  Russia,  Europe, 
Alaska,  and  the  United  States. 

Lateritic  Nickel  Ores.  Lateritic  nickel  ores  differ  from 
the  sulfide  ores  in  both  character  and  origin.  They  occur 
as  blanket  deposits  on  or  near  the  surface,  and  the  ore 
minerals  are  silicates  and  oxides.  They  originated  by 
supergene  enrichment  resulting  from  intense  chemical 
weathering  of  ultrabasic  rocks,  such  as  peridotite  and 
serpentine,  that  normally  contain  small  amounts  of 
nickel. 

Peridotite  is  a  medium-  to  coarse-grained  igneous  rock 
composed  principally  of  olivine  and  magnesium-rich 
pyroxenes.  It  is  generally  partly  or  completely  altered  to 
serpentine.  Peridotite  and  serpentine  derived  from  pe- 
ridotite have  unusual  chemical  compositions  as  compared 
with  the  bulk  of  the  igneous  rocks  of  the  earth's  crust. 
They  are  comparatively  rich  in  magnesium  and  iron  and 
low  in  silica,  but  contain  only  small  percentages  or 
traces  of  aluminum,  calcium,  potassium,  and  sodium, 
which  are  relatively  abundant  in  most  other  igneovis 
rocks.  However,  they  are  relatively  rich  in  chromium, 
nickel,  and  cobalt.  The  nickel  content  of  these  rocks 
ordinarily  lies  between  0.1  and  0.3  percent,  but  such 
concentrations  are  at  present  too  low  for  commercial 
exploitation. 

Compared  with  most  silicate  minerals,  olivine  and  the 
serpentine  minerals  are  rather  easily  decomposed  by  acid 
solutions,  even  by  the  weak  carbonic  and  other  organic 
acids  present  in  rain  water  and  ground  water.  Thus 
under  proper  conditions  of  intense  weathering,  such  as 
prevail  in  a  humid  tropical  climate,  peridotite  and 
serpentine  are  decomposed  to  yield  a  thick  soil  mantle 
known  as  laterite.  The  magnesium  and  silica  are  leached 
from  the  surface  zone,  leaving  a  residual  soil  composed 
principally  of  relatively  insoluble  hydrous  iron  oxides. 
Most  of  the  magnesium  is  carried  away  in  solution,  but 
in  places  much  of  the  silica  is  deposited  as  opal,  chalce- 
dony, or  quartz  in  joint  cracks  and  other  fractures  in 
the  underlying  bedrock.  After  further  disintegration  of 
the  interstitial  bedrock  the  stockwork  veins  of  quartz  and 
chalcedony  thus  formed  remain  as  a  residual  silica  box- 
work  structure  in  the  soil.  The  nickel,  not  being  as  solu- 
ble as  magnesium,  in  part  remains  in  the  soil  as  a  residual 
enrichment  and  in  part  is  transported  downward  in  solu- 
tion to  be  deposited  in  the  bedrock  underlying  the  soil. 
The  chromium  and  cobalt  are  concentrated  in  the  soil. 

Laterite  forms  only  on  areas  of  moderate  relief  where 
weathering  proceeds  more  rapidly  than  erosion.  In 
lateritic  areas  that  have  been  subsequently  eroded,  the 
laterite  is  characteristically  found  only  on  relatively  flat 
or  gently  sloping  benches,  terraces,  ridge  crests,  and 
plateaus. 

The  exact  composition  and  thickness  of  the  nickelif- 
erous  laterite  blanket  varies  from  place  to  place,  ac- 
cording to  differences  in  such  factors  as  climate,  topog- 
raphy, and  permeability  of  the  bedrock.  The  soil,  or 
laterite  proper,  is  everywhere  brick-red  to  ocher-colored 
and  is  composed  principally  of  powdery  and  concre- 
tionary hematite  and  limonite.  No  distinct  nickel  min- 
erals have  been  recognized  in  this  material,  but  it  gener- 


ally contains  0.5  percent  to  1.0  percent  or  more  of  nickel. 
In  places  this  iron-rich  soil  grades  downward  to  a  zone 
of  silica  boxwork,  which  may  be  rich  enough  in  gar- 
nierite  to  constitute  relatively  high-grade  nickel  ore.  In 
general,  gamier ite  is  abundant  only  in  association  with 
silica  boxwork,  and  selected  ore  from  this  zone  com- 
monly contains  5  percent  or  more  of  nickel.  However, 
the  silica  zone  may  be  absent  or  may  consist  of  rather 
massive  brown  chalcedony  which  contains  little  nickel. 
Below  the  silica  zone  lie  a  few  feet  of  moderately  de- 
composed bedrock  grading  downward  to  fresh  bedrock, 
into  which  sparse  veins  of  garnierite  and  silica  minerals 
penetrate  along  joint  fractures.  The  highest  grade  of 
nickel  ores  normally  occurs  in  the  silica  boxwork,  where 
present,  and  in  the  partially  decomposed  bedrock  at  the 
roots  of  the  laterite. 

Gamier ite-rich  deposits  are  commonly  referred  to  as 
nickel  silicate  ores.  They  are  widely  distributed  in  the 
world,  notably  in  New  Caledonia,  Indonesia,  Brazil,  and 
at  Nickel  Mountain,  Oregon.  New  Caledonia  is  second  in 
importance  only  to  Sudbury  among  the  nickel-producing 
districts  of  the  world,  having  been  the  principal  source 
of  nickel  until  1905.  About  one-third  of  the  island  is  i 
underlain  by  peridotite  and  serpentine;  much  of  it  cov- 
ered by  a  blanket  of  laterite  which  ranges  in  thickness 
from  a  few  feet  to  more  than  100  feet.  Garnierite,  the 
principal  ore  mineral,  is  concentrated  in  the  silica  zone 
beneath  a  thick  surface  zone  composed  principally  of 
iron  oxides.  The  commercial  concentrations  of  garnierite 
are  found  only  over  fresh  peridotite  (de  Chetelat,  1947). 
Extensive  plateau  areas  underlain  by  peridotite  have 
thick  lateritic  mantles  containing  approximately  2  per- 
cent nickel  in  their  lower  parts,  and  in  some  areas  the 
ore  averages  3  to  5  percent  nickel. 

The  laterite  deposit  at  Nickel  Mountain,  near  Riddle, 
Oregon,  is  at  present  the  most  important  domestic 
source  of  nickel.  It  is  similar  to  the  deposits  in  New 
Caledonia  in  that  the  laterite  lies  on  fresh  peridotite 
and  the  nickel  occurs  principally  in  garnierite  which  is 
concentrated  in  and  just  below  the  zone  of  silica  box- 
work  (figure  1).  At  Nickel  Mountain  the  lateritic 
blanket,  ranging  in  thickness  from  a  few  feet  to  more 
than  60  feet,  rests  on  a  remnant  of  an  old  dissected 
erosion  surface,  known  as  the  Klamath  peneplain.  The 
richest  ore,  containing  an  average  of  about  1.5  percent 
nickel,  is  found  principally  on  broad  benches  in  the  crest 
area  of  the  mountain.  Terraces  below  2,000  feet  in  eleva- 
tion are  apparently  Pleistocene  in  age  and  are  not 
mantled  with  laterite,  indicating  an  earlier  period  of  ore 
formation   (Pecora  and  Hobbs,  1942). 

Nickeliferous  laterites  that  lack  the  silica  boxwork 
zone  and  consist  essentially  of  iron-rich  soil  are  usually 
referred  to  as  nickeliferous  iron  ores.  Although  they  are 
relatively  low  in  nickel  content,  deposits  of  nickeliferous 
iron  ore  are  commonly  measurable  in  hundreds  of  mil- 
lions of  tons,  and  constitute  the  bulk  of  the  world's 
potential  nickel  reserves.  The  only  deposit  of  this  type 
of  laterite  presently  being  mined  is  at  Nicaro,  Cuba  (De 
VIetter,  1955;  Lutjen,  1954),  although  large  deposits 
are  known  elsewhere  in  Cuba  (McMillan  and  Davis, 
1955)  and  in  the  Philippines,  Celebes,  and  Borneo. 

The  laterite  in  Cuba  is  a  deep,  iron-rich  soil  derived 
from  serpentinized  peridotite.  The  top  3  to  6  feet  is 
reddish-brown  and  consists  of  birdshot-size  iron  oxide 
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IRON    OXIDE-RICH  SOIL 
Upper    few    feet   is   brick   red   soil    containing 
shot    size    iron   oxide    concretions.    Grades 
down   to   soft   octier- yellow  limonite.  Brown 
hematite    concretions   or  "oeHets"  ond 
scottered   residuaT'boulders"  on   surface. 


SILICA    BOXWORK     ZONE 
Peridotite    oltered    to   soft    octier-yeMow 
limonite.    Former   joint   cracks    filled  with 
stockwork    veins     of    silica   minerals   and 
gornierite.    Scattered    residual  "boulders" 
of    fresh  peridotite. 


ROOT    ZONE 
Roots    or    ribs    of    box  work    project   down 
into    fresh    peridotite    along   joint   crocks. 
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Figure  1.  Diagrammatic  sketch  of  vertical  section  of  lateritic 
iiiikel  deposit  at  Nickel  Mountain,  Oregon.  Modified  after  Peoora 
111(1  Hobbs,  1942,  p.  215. 


'iiiicretions  in  a  powdery  hematite-rich  matrix.  Below 
iliis  the  soil  is  ocher-yellow  and  composed  principally 
1)1'  limonite.  The  soil  contains  scattered  residual  boulders 
1)1-  serpentine  too  massive  to  have  been  completely  de- 
idinposed  during  lateritization.  The  nickel  content  of  the 
soil  increases  downward  from  about  0.8  percent  at  the 
surface  to  about  1.6  percent  at  the  base,  although  no 
specific  nickel  minerals  have  been  recognized  in  this 
material.  Below  the  soil  in  the  area  being  mined  is  a 
zone  of  partly  decomposed,  nickel-enriched  serpentine, 
which  grades  downward  within  a  few  feet  into  fresh 
serpentine.  The  enriched  serpentine  contains  an  average 
I'f  about  1.6  percent  nickel,  whereas  the  fresh  serpentine 
lontains  about  0.2  percent  nickel.  Although  sparse  vein- 


lets  of  garnierite  have  been  found  in  this  zone,  enrich- 
ment has  apparently  taken  place  principally  by  super- 
gene  replacement  by  nickel  of  some  of  the  magnesium 
in  the  partially  decomposed  serpentine. 

The  total  depth  of  the  laterite  blanket  in  Cuba  ranges 
from  a  few  feet  to  about  80  feet,  but  averages  about  15 
feet  in  the  area  being  mined.  The  material  mined  and 
treated,  including  laterite  and  nickel-enriched  serpen- 
tine, contains  an  average  of  about  1.4  percent  nickel. 

Localities  in  California 

Although  there  has  been  no  recorded  production  of 
nickel  from  California,  periodic  interest  has  been  indi- 
cated for  many  years  by  limited  exploration  of  a  few 
sulfide  prospects.  The  recent  discovery  of  potential  de- 
posits of  nickeliferous  laterite  in  the  state,  combined 
with  the  critical  shortage  of  nickel,  has  resulted  in  re- 
newed interest  since  1954. 

Nickel  Sulfide  Ores.  Possibly  the  earliest  serious 
efforts  to  develop  a  nickel  prospect  in  California  were 
made  in  the  early  1900 's  at  the  Friday  deposit  in  the 
Julian-Cuyamaca  area  of  San  Diego  County.  The  geo- 
logic setting  and  mineralogy  at  the  Friday  mine  are 
similar  to  those  of  many  other  nickel  sulfide  deposits  in 
the  world.  The  nickeliferous  material,  consisting  prin- 
cipally of  pyrrhotite  with  subordinate  amounts  of 
pentlandite  and  chalcopyrite,  occurs  in  the  Cuyamaca 
gabbro.  The  mineralized  zone  is  an  irregular  body 
striking  about  N.  75°  E.  and  dipping  steeply  northward. 
It  was  formed  by  replacement  of  the  gabbro  along  frac- 
tures on  the  north  side  of  an  inclusion  of  schist  that 
nearly  parallels  the  ore  in  strike  but  dips  about  60° 
southward.  The  surface  outcrop  of  the  Friday  ore  body 
is  almost  completely  oxidized  to  gossan.  Development 
work  consists  of  a  160-foot  vertical  shaft  with  an  incline 
extending  to  the  180-foot  level,  and  drifts  and  crosscuts 
driven  at  the  132-foot  and  180-foot  levels.  Partly  oxi- 
dized sulfides  are  exposed  at  the  132-foot  level  and  more 
massive  sulfides  on  the  180-foot  level,  the  lowest  in  the 
mine.  Where  exposed,  the  mineralized  zone  is  from  6 
feet  to  over  20  feet  wide  and  55  feet  long ;  but  its  depth 
has  not  been  fully  determined.  Assuming  an  average 
width  of  15  feet  and  a  length  of  55  feet,  there  is  esti- 
mated to  be  approximately  5,000  tons  of  indicated  ore 
in  a  block  between  the  132-  and  180-foot  levels  of  the 
Friday  shaft.  Below  the  180-foot  level  the  mineralized 
body  contains  about  90  tons  of  inferred  ore  per  foot  of 
depth  for  a  limited  distance.  The  ore  body  probably 
averages  from  2.5  percent  to  3.0  percent  nickel,  the 
actual  grade  depending  on  the  extent  and  degree  of 
oxidation  in  the  mineralized  zone.  In  addition  the  ore 
is  estimated  to  contain  0.5  percent  to  1.0  percent  copper, 
and  as  much  as  0.15  percent  cobalt  is  present  (Creasey, 
1946). 

Elsewhere  in  the  Julian-Cuyamaca  area  unexplored 
outcrops  of  gossan  contain  small  amounts  of  nickel, 
and  these  suggest  the  presence  of  other  nickel  sulfide  ore 
bodies  (Creasey,  1946,  p.  27). 

In  places  the  ultrabasie  rocks  of  California  (figure  2) 
contain  an  unidentified  nickel-iron  sulfide  which  is  char- 
acteristically finely  disseminated  in  the  host  rocks.  The 
nickel-bearing  mineral  is  gray,  has  a  metallic  luster, 
and  is  magnetic,  the  last  property  not  characteristic  of 
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'Y     Serpentine    and 


d    peridotile 

Areas    where    loteritic    remnonts    are 

known    to  occur    on    serpentine    and    peridotits 


P     Nickel    sulfide     prospects 

^S     Nickel    silicote    or  nickeliferous 
loterite    prospects 


Figure  2.     Map  of  California  showing  outcrops  of  ultrabasic  rocks,  areas  known  to  contain 
lateritic  remnants  on  these  rocks,  and  locations  of  nickel  prospects. 
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CONTOUR  INTERVAL  SO  FEET 

Figure  3.  Northwestern  portion  of  the  Gasqiiet  quadrangle, 
Del  Norte  County,  California.  Note  low  relief  of  crest  areas  of  Pine 
Flat,  High  Plateau,  Gasquet,  and  Cold  Spring  mountains.  These 
are  remnants  of  the  Klamath  peneplain,  an  Early  Tertiary  erosion 
surface.  Almost  all  of  the  area  included  in  this  map  is  underlain 
by  ultrabasic  rocks.  Nickeliferous  laterite  remnants  occur  only  on 
the  relatively  flat  crests  and  on  benches  and  spurs  down  to  an  ele- 
vation of  about  1800  feet. 


most  or  all  described  nickel  sulfides.  It  has  not  been 
previously  described  from  California,  but  during  1956 
three  separate  occurrences  were  called  to  the  attention 
of  the  Division  of  Mines.  Two  of  these  were  in  serpen- 
tine, one  from  the  Alleghany  district  of  Sierra  County 
and  the  other  from  Red  Mountain  in  Del  Norte  County, 
while  the  third  was  in  talc  schist  in  the  Colfax  area  of 
Placer  County.  These  discoveries  have  not  been  evalu- 
ated, and  may  be  quite  local,  but  they  are  considered 
significant  because  of  the  large  amount  of  ultrabasic 
rock  in  California. 

Nickeliferous  Laterite.  Although  the  lateritic  nickel 
ores  at  Nickel  Mountain,  Oregon,  were  discovered  about 
75  years  ago,  the  presence  of  nickeliferous  laterite  in 
California  was  recognized  only  in  the  early  1950 's.  Like 
the  Oregon  occurrences,  laterite  in  California  has  been 
found  onlv  on  remnants  of  old  erosion  surfaces. 


In  the  northwestern  part  of  the  state,  nickeliferous 
laterite  occurs  on  remnants  of  an  early  Tertiary  erosion 
surface  of  low  relief,  known  as  the  Klamath  peneplain 
(Diller,  1902),  that  once  extended  over  much  of  the 
Klamath  Movintains  area.  Although  extensively  dissected 
by  later  streams,  remnants  of  this  surface  have  been 
preserved  as  relatively  flat-topped  mountains  and  ridges 
(figure  3).  The  largest  remnants  are  found  in  Del  Norte 
and  northern  Humboldt  Counties,  for  intensive  glacial 
and  stream  erosion  during  Pleistocene  time  largely  de- 
stroyed it  in  the  central  and  eastern  parts  of  the  Klam- 
ath Mountains. 

The  principal  localities  in  northwestern  California 
where  nickeliferous  laterite  has  been  found  to  date  are 
on  the  flat  crests  and  slightly  lower  benches,  shoulders, 
and  saddles,  of  Pine  Flat,  High  Plateau,  Low  Plateau, 
High  Divide,  Gasquet,  Elk  Camp,  Little  Rattlesnake, 
Rattlesnake,  and  Red  Mountains,  all  in  Del  Norte 
County.  All  of  the  mountains  listed  above  are  underlain 
by  peridotite  or  serpentine.  Areas  of  laterite  are  indi- 
cated by  deep  brick-red  soil  rich  in  brown  hematite 
concretions.  Scattered  residual  boulders  of  the  bedrock 
are  commonly  strewn  on  the  surface,  and  in  places 
leached  fragments  of  quartz  boxwork  are  abundant 
(figure  4).  At  a  depth  of  2  or  3  feet  the  pisolitic  brick- 
red  soil  grades  into  light,  friable  ocher-yellow  soil. 
Garnierite-rich  boxwork,  which  constitutes  the  richest 
ore  at  Nickel  Mountain,  Oregon,  is  not  exposed  in  any 
of  the  localities  examined.  Grab  samples  of  surface  soil 
collected  by  the  Division  of  Mines  from  Pine  Plat,  Rat- 
tlesnake, and  Red  Mountain  contained  0.56  to  1.02 
percent  nickel,  whereas  auger  samples  of  ocher-yellow 
soil  at  depths  of  9  to  11  feet  contained  0.83  to  1.16 
percent  nickel.  No  specific  nickel  minerals  were  de- 
tected in  the  samples  analyzed.  The  only  exploration 
work  done  in  this  area  by  the  latter  part  of  1956  con- 
sisted of  trenches  5  to  10  feet  deep  at  the  Pine  Plat 
Mountain  and  Little  Rattlesnake  Mountain  deposits. 

The  region  presently  occupied  by  the  Sierra  Nevada 
also  was  occupied  by  an  erosion  surface  of  low  relief 
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Figure  4.     Typical  silica  boxwork  from  nickeliferous  laterite.  Ex- 
posed by  bulldozer  at  Elk  Camp  Ridge,  Del  Norte  County. 
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NICKELIFEROUS   LATERITE    OCCURRENCES 
Diagrammatic  Columnar  Sections 
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Figure  5.     Comparative  vertical  sections  of  nickeliferous  laterite  from  various  localities. 


during  early  Tertiary  time,  and  was  subjected  to  later- 
itic  weathering.  Remnants  of  this  surface  may  be  recog- 
nized as  relatively  flat  to  low  rolling  uplands  forming 
interstream  divides  in  the  foothill  belt,  the  late  Ter- 
tiary and  Quaternary  streams  generally  having  cut  well 
below  the  old  levels.  The  lateritic  remnants  on  serpen- 
tine in  this  province  largely  consist  of  resistant  cappings 
of  rather  dense  silica  boxwork  grading  into  jasperlike 
silicified  serpentine  (Rice  and  Cleveland,  1955).  In 
places  these  cappings  are  more  than  100  feet  thick. 
Garnierite  occurs  in  places  as  cavity  fillings  in  the  silica 
boxwork  and  as  veins  in  the  silicified  serpentine  and 
fresh  serpentine  below  it,  but  in  areas  examined  the 
rocks  are  rather  thoroughly  leached  and  the  average 
nickel  content  is  less  than  0.5  percent. 

These  siliceous  lateritic  remnants  are  well  exposed  in 
the  area  of  the  Pilliken  chromite  mine  in  El  Dorado 
County,  a  few  miles  east  of  Valley  Springs  in  Calaveras 
County,  and  in  the  Venice  Hills  and  Deer  Creek  areas 
of  Tulare  County.  The  only  exploration  through  1956 
was  done  in  a  small  area  in  the  eastern  part  of  the 
Venice  Hills,  Tulare  County,  where  previous  excava- 
tions for  chrysoprase  had  exposed  veins  of  garnierite  in 
silicified   serpentine.   Figure   5   diagrammatically   com- 


pares vertical  sections  of  nickeliferous  laterite  occur- 
rences in  California  with  those  from  other  well  known 
areas. 

In  the  Coyote  Mountains  of  western  Imperial  County, 
supergene  nickel  enrichment  in  the  weathered  zone  of  a 
mass  of  pyroxenite  has  stimulated  sporadic  prospecting 
since  about  1915.  Small  amounts  of  secondary  copper 
minerals  are  present  in  addition  to  traces  of  garnierite 
in  the  partially  decomposed  rock.  Development  work  is 
limited  to  few  shallow  excavations  in  the  weathered  zone. 

Nickel  is  one  of  the  strategic  mineral  commodities  for 
which  exploration  loans  may  be  obtained  from  the  U.  S. 
Defense  Minerals  Exploration  Administration.  After  a 
nickel  prospect  has  been  approved  for  such  a  loan,  this 
agency  will  pay  75  percent  of  the  cost  of  recommended 
exploration. 

Utilization 

The  greatest  value  of  nickel  lies  in  the  qualities  it 
imparts  to  its  various  alloys.  When  properly  combined 
with  other  metals,  it  profoundly  affects  the  strength, 
ductility,  toughness,  electrical  resistance,  coefficient  of 
expansion,  strength  at  high  temperatures,  resistance  to 
corrosion,    and    magnetic    properties    of    the    resulting 
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alloys  (National  Bureau  of  Standards,  1948 ;  Materials 
Survey — Nickel,  1954). 

Approximately  20  to  25  percent  of  the  nickel  con- 
sumed in  the  United  States  is  used  in  the  production  of 
stainless  steels.  These  steels,  known  as  the  300  series, 
contain  chromium  and  nickel  alloyed  with  iron.  Type 
302,  containing  18  percent  chromium  and  8  percent 
nickel,  accounts  for  about  two-thirds  of  stainless  steel 
production.  Other  types  in  the  300  series  contain  differ- 
ent proportions  of  these  metals  or  small  amounts  of 
other  constituents,  such  as  silicon,  carbon,  columbium, 
and  titanium,  to  achieve  special  desirable  properties. 

Nickel-iron  alloys  containing  up  to  about  25  percent 
nickel  are  noted  for  their  nonmagnetic  properties,  and 
are  used  for  transformer,  motor,  and  generator  parts. 
On  the  other  hand,  nickel-iron  alloys  containing  45  to 
80  percent  nickel  are  highly  magnetic  and  are  of  consid- 
erable value  in  the  manufacture  of  radio  and  telephone 
equipment.  A  nickel-iron  alloy  that  contains  about  36 
percent  nickel  has  a  very  low  coefficient  of  thermal  ex- 
pansion, and  is  widely  used  in  the  manufacture  of  such 
items  as  measuring  tapes,  precision  instruments,  and 
watches. 

Another  group  of  alloys,  the  so-called  nonferrous 
alloys  in  which  iron  is  not  used  or  is  present  only  in 
small  quantities,  accounts  for  25  to  30  percent  of  nickel 
consumed.  Included  among  these  are  Monel  metal,  the 
lupro-nickel  alloys,  nickel  silver,  and  Inconel.  Monel 
metal,  the  most  important  of  these  commercially,  is  com- 
posed of  approximately  67  percent  nickel,  30  percent 
copper,  and  minor  amounts  of  iron  and  manganese.  It  is 
a  strong,  silvery  white  metal  which  is  of  special  value 
because  of  its  resistance  to  corrosion  by  many  acids, 
atmospheric  influences,  industrial  corrodents,  and  sea 
water.  Thus  it  is  widely  used  in  the  manufacture  of 
equipment  in  the  food,  chemical,  petroleum,  and  phar- 
maceutical industries,  and  in  marine  service. 

The  eupro-nickel  alloys  contain  copper  alloyed  with 
less  than  50  percent  of  nickel.  These  alloys  are  used 
especially  for  condenser  tubes  and  steam  turbine  blades 
in  marine  service,  and  in  petroleum  refineries  for  heat 
exchanger  tubes.  The  75  percent  copper-25  percent  nickel 
alloy  is  used  in  United  States  5-cent  coins. 

Nickel  silver  is  an  alloy  of  copper,  nickel,  and  zinc 
tiiat  closely  resembles  silver.  It  has  good  resistance  to 
corrosion,  and  is  largely  used  for  food  equipment, 
marine  fittings,  musical  and  dental  instruments,  and 
slide  fasteners. 

Inconel  is  a  nickel-chromium-iron  alloy  that  combines 
all  of  the  good  qualities  of  nickel  with  the  oxidation 
resistance  of  chromium.  A  typical  formula  is  80  percent 
nickel,  13  percent  chromium,  and  7  percent  iron, 
although  these  proportions  are  varied  for  special  metal- 
lurgical needs  and  small  amounts  of  columbium  and 
titanium  are  substituted  in  part  for  nickel  for  better 
high  temperature  service.  Inconel  is  widelj^  used  in 
equipment  for  manufacture  of  dairy  products,  wines, 
Iruit  juices,  caustic  alkalies,  fatty  acids,  dyestuffs,  and 
edible  oils. 

Numerous  heat-  and  corrosion-resistant  nonferrous 
alloys  contain  nickel  alloyed  with  one  or  more  of  the 
following  metals:  chromium,  cobalt,  molybdenum,  iron, 
ningsten,    columbium,    titanium,    and    aluminum.    The 


maximum  temperatures  at  which  these  alloys  can  be 
used  range  up  to  about  2,100°  F. ;  thus  they  have  a  wide 
variety  of  uses,  such  as  in  furnace  construction,  high- 
speed tools,  and  gas  turbine  and  jet  engines. 

The  iron-aluminum-nickel-cobalt  permanent  magnet 
alloys  commonly  contain  15  to  30  percent  nickel.  They 
have  wide  use  in  the  vital  parts  of  motors,  generators, 
radio  speakers,  telephone  receivers,  microphones,  mag- 
netos, and  galvanometers.  The  most  important  electrical- 
resistance  alloy  contains  80  percent  nickel  and  20  per- 
cent chromium,  and  is  used  largely  as  the  heating  ele- 
ments of  numerous  household  and  industrial  appliances. 

Pure  nickel  metal  finds  applications  in  food  process- 
ing equipment,  chemical  apparatus,  cyanide  fusion  pots, 
television  and  radio  equipment,  variable  time-fuse  tube 
electrodes,  and  many  other  items.  It  is  used  for  electro- 
plating other  metals  to  produce  thin  nickel  coatings  for 
decorative  and  protective  purposes,  and  as  undercoat- 
ings  for  chromium  plating. 

Finely  divided  nickel  metal  and  nickel  salts  are  used 
as  catalysts  in  the  hydrogenation  of  vegetable  oils  to 
produce  oleomargarine,  in  purifying  gas,  and  in  pro- 
ducing high-octane  motor  fuels. 

The  estimated  total  nickel  consumption  in  the  United 
States  during  1956  was  126,000  short  tons. 

Marketing  Problems  and  Prices 

There  are  no  markets  for  nickel  ores  or  concentrates 
in  California,  and  the  only  nickel  processing  plant  in  the 
western  United  States  is  that  of  the  Hanna  Nickel 
Smelting  Company  at  Riddle,  Oregon,  which  is  especially 
designed  to  handle  the  silicate  ores  from  adjacent  Nickel 
Mountain.  Thus  it  is  to  be  expected  that  any  nickel 
mining  operation  developed  in  the  state  will  require 
construction  of  processing  facilities. 

Prices  quoted  by  International  Nickel  Co.,  Inc.,  the 
largest  producer,  for  electrolytic  nickel,  f.o.b.  Port 
Colborne,  Ontario,  have  gradually  increased  from  35 
cents  per  pound  in  1947  to  74  cents  per  pound  in  Jan- 
uary, 1957.  However,  during  the  past  few  years,  par- 
ticularly 1955-56,  increasing  nickel  consumption  for 
defense  purposes  has  led  to  severe  shortages  for  civilian 
production.  As  a  result,  the  metal  has  been  purchased  by 
fabricators  within  the  United  States  for  prices  as  high 
as  $3.50  per  pound.  On  September  14,  1956,  American 
Metal  Market  reported  that  steel  mills  were  offering 
$1.75  to  $2.75  per  pound  for  scrap  and  secondary  nickel. 
In  fact,  18-8  stainless  steel  scrap,  containing  only  8  per- 
cent Ni,  was  being  sought  at  $1.75  per  pound  of  con- 
tained nickel.  Nickel  platers  were  reported  paying  $3.00 
to  $3.50  per  pound  for  nickel  anodes.  These  prices  con- 
trasted with  the  virgin  nickel  price  of  64^  cents  per 
pound  published  by  one  company  and  $1.25  per  pound 
published  by  another. 

IVIining  IVIethods  and  Treatment 

Virtually  all  of  the  known  mining  methods  have  been 
used  in  the  mining  of  nickel.  The  large  sulfide  deposits 
at  Sudbury  are  most  commonly  mined  by  open-pit  or 
glory-hole  methods  in  the  initial  stages.  When  under- 
ground work  becomes  necessary,  such  methods  as  shrink- 
age stoping,  cut  and  fill,  square  set,  and  blast-hole 
methods  are  used  to  suit  local  conditions.  However, 
where  practicable,  large-scale  caving  methods  have  been 


398 


Bulletin  176 — Mineral  Commodities  of  California 


found  to  be  the  most  economical  types  for  underground 
mining  and  are  widely  used. 

Lateritic  ores,  which  occur  as  blanket  deposits  with 
little  overburden,  are  mined  onlj^  by  open-cut  methods. 

Many  methods  are  also  used  to  recover  nickel  from 
ores.  The  sulfide  ores  mined  by  International  Nickel  Co. 
at  Sudbury  are  first  crushed  and  ground  to  about  65 
mesh,  then  concentrated  by  flotation.  Two  kinds  of  con- 
centrates are  produced:  a  copper  concentrate,  high  in 
copper  and  low  in  nickel,  and  a  nickel  concentrate  that 
is  low  in  copper.  The  nickel  concentrates  are  roasted  to 
remove  part  of  the  sulfur.  The  sulfide  matte  made  from 
this  calcine  is  put  through  a  bessemerizing  operation,  in 
which  it  is  blown  to  a  point  where  about  15  percent  of 
the  mass  is  a  copper-nickel  alloy,  the  remaining  85  per- 
cent being  combined  nickel  and  copper  sulfides.  Follow- 
ing the  blowing  operation,  this  matte  is  allowed  to  cool 
slowly  under  carefully  controlled  conditions.  While 
cooling,  the  molten  mass  crystallizes  out  into  three 
separate  phases:  (1)  a  copper-nickel  alloy  containing 
approximately  95  percent  of  the  precious  metals,  such 
as  gold  and  platinum,  present  in  the  matte ;  (2)  a  copper 
sulfide  containing  about  1  percent  nickel;  and  (3)  a 
nickel  sulfide  containing  about  1  percent  copper.  This 
mass  is  crushed  to  minus  325-mesh  and  passed  through 
a  magnetic  separator  to  extract  the  magnetic  nickel- 
copper  alloy  containing  the  precious  metals.  The  sulfide 
fraction  is  treated  by  flotation  to  separate  nickel  sulfide 
from  copper  sulfide.  The  magnetic  alloy  is  dissolved  and 
its  nickel,  copper,  and  precious  metals  content  recovered 
by  eleetrodeposition.  The  copper  sulfide  goes  to  a  copper 
smelter,  and  the  nickel  sulfide  is  roasted  and  sintered 
to  produce  nickel  oxide.  The  nickel  oxide  is  marketable 
for  steel-making,  or  it  can  be  sent  to  a  refinery  for  elec- 
trolytic or  Mond  process  reduction  to  pure  nickel  (Ma- 
terials Survey— Nickel,  1952,  p.  VII  22). 

Lateritic  nickel  ores  cannot  be  concentrated  by  mill- 
ing, so  the  entire  ore  as  mined  must  be  put  through  a 
smelting  or  wet  recovery  process  in  order  to  recover 
the  nickel.  Several  processes  have  been  used  in  treatment 
of  these  ores,  but  extensive  research  in  recent  years  has 
developed  new  processes  as  well  as  refinements  for  those 
already  in  use.  Many  of  these  efforts  have  been  directed 
toward  finding  economic  methods  of  recovering  the 
cobalt,  chromium,  and  iron  in  addition  to  the  nickel 
present  in  lateritic  ores.  Unfortunately,  details  of  most 
of  the  recent  developments  have  not  yet  been  made 
available  through  publication. 

The  garnierite-rich  lateritic  ores  have  usually  been 
processed  by  smelting  techniques.  In  New  Caledonia, 
selectively  mined  high-grade  ores,  containing  3  percent 
to  5^  percent  nickel,  are  ground  and  mixed  with 
gypsum,  then  briquetted.  The  briquettes  are  smelted  in 
a  blast  furnace  with  flux  and  coke.  Decomposition  of 
the  gypsum  results  in  a  fusible  nickel  sulfide  matte  con- 
taining about  45  percent  nickel,  40  percent  iron,  and 
15  percent  sulfur.  This  matte  is  bessemerized  to  produce 
a  matte  containing  about  76  percent  nickel  and  23  per- 
cent sulfur.  The  final  high-grade  matte  is  shipped  to 
France  for  reduction  to  the  metal  (Dennis,  1954, 
p.  353). 

At  Riddle,  Oregon,  the  garnierite-rich  ore  is  reduced 
to  ferronickel  by  a  recently  developed  electric  smelting 
method  known  as  the  d'Ugine  process  (British  Patent 


713,713,  Aug.   18,   1954).   According  to  Chemical  Ab- 
stracts :  * 

"Nickel  is  extracted  from  low-grade  ores,  as  an  Fe-Ni  alloy,  by 
mixing  successive  charges  of  molten  ore  with  molten  Fe  and 
periodically  withdrawing  a  part  of  the  metal.  Exothermic  heat 
from  oxidation  of  added  Si  or  Al  compensates  for  heat  losses. 
Formation  of  CO  from  C  addition  causes  bubbling.  Treatment  of 
ore  containing  NiO  1.5,  FeO  35,  and  Si02  35  percent  with  Fe  and 
FeSi  in  a  converter  reduces  the  ore  to  0.20  percent  Ni  and  after 
processing  gives  a  30  percent  Ni  alloy." 

The  iron-rich  nickeliferous  laterite  at  Nicaro,  Cuba,  is 
treated  by  ammonia  leaching  methods  for  recovery  of 
the  nickel  (Lutjen,  1954).  The  ore,  containing  about 
1.4  percent  nickel,  is  finely  ground  in  ball  mills,  then 
calcined  in  reduction  furnaces  to  reduce  the  nickel  to 
metal.  This  calcine  is  leached  in  an  11  percent  ammonia- 
ammonium  carbonate  solution,  which  dissolves  the 
nickel  and  oxidizes  the  iron  to  a  gelatinous  ferric 
hydroxide  precipitate.  After  filtering,  basic  nickel  car- 
bonate is  precipitated  by  blowing  steam  through  the 
solution.  The  nickel  carbonate  is  filtered  off  and  calcined 
in  a  rotary  kiln  to  produce  nickel  oxide,  the  final 
product. 

Ammonia  leaching  methods  are  also  used  for  recov- 
ery of  nickel,  copper,  and  cobalt  from  sulfide  concen- 
trates at  some  of  the  Canadian  mines.  Forward  (1953) 
has  described  a  recently  developed  pressure  leaching 
system  used  for  processing  sulfide  concentrates  from  the 
Sherritt  Gordon  mine  at  Lynn  Lake,  Manitoba. 

The  U.  S.  Bureau  of  Mines  has  recently  carried  on 
considerable  research  directed  toward  the  recovery  of 
nickel  from  low  grade  ores  by  smelting  techniques,  and 
has  published  preliminary  reports  on  some  of  the  results 
(Hundhausen,  et  al.,  1954,  pp.  9-15;  Cremer,  1954; 
Banning  and  Arable,  1955;  Shelton,  1956). 

Pure  nickel  metal  is  recovered  from  the  oxide  by  two 
methods,  the  Mond  process,  and  electrolytic  refining 
(Dennis,  1954,  chap.  7 ;  Materials  Survey — Nickel,  1952, 
chap.  7).  The  Mond  process  is  based  on  the  property  of 
nickel  to  combine  with  carbon  monoxide  to  form  nickel 
earbonyl  (Ni(C0)4),  a  volatile  compound  that  is  stable 
below  60°  C.  but  breaks  down  to  the  original  reactants 
on  heating  to  180°  C.  The  impure  nickel  oxide  is  reduced- 
in  special  vertical  gas-tight  towers  to  yield  metallic 
nickel  powder,  which  is  passed  to  volatilizing  towers. 
Here  the  nickel  powder  passes  downward  through  a 
stream  of  rising  carbon  monoxide,  the  temperature  being 
maintained  at  50°  C.  The  volatile  nickel  earbonyl  formed 
is  passed  through  a  continuously  circulating  mass  of 
nickel  shot  maintained  at  180°  C.  At  this  temperature 
nickel  earbonyl  is  decomposed,  the  nickel  being  deposited 
on  the  shot. 

Electrolytic  refining  is  accomplished  by  using  an  elec- 
trolyte composed  of  a  solution  of  nickel  sulfate  and 
chloride  containing  about  40  grams  of  nickel  per  liter 
(Dennis,  1954,  p.  352). 
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NITROGEN  COMPOUNDS 


By  William  E.  Ver  Planck 


Althougli  nitrogen  is  a  comparatively  abundant  ele- 
ment, much  of  it  exists  in  the  atmosphere  as  a  nearly- 
inert  gas  that  can  be  combined  with  other  elements  only 
with  difficulty.  Nitrogen  comprises  78  percent  of  the 
atmosphere  by  volume.  All  animal  and  vegetable  matter 
rontains  nitrogen  compounds,  and  nitrogen  compounds 
are  concentrated  in  coal.  Economic  deposits  of  nitrogen 
minerals  are  known  only  in  Chile. 

The  consumption  of  nitrogen  compounds  in  the 
I'nited  States  is  the  equivalent  of  roughly  3^  million 
lotis  of  ammonia  (NH3)  a  year,  nearly  85  percent  of 
wliich  was  manufactured  by  domestic  plants  in  1953. 
The  principal  supply  was  synthetic  ammonia  manufac- 
nired  from  hydrogen  and  nitrogen  gas,  and  most  of  the 
remainder  was  ammonia  compounds  obtained  as  by- 
products in  the  manufacture  of  coke  from  coal.  The  re- 
mainder of  the  United  States  supply,  which  is  imported, 
includes  ammonium  sulfate,  ammonium  nitrate,  ammo- 
nium phosphate,  and  calcium  cyanamide  manufactured 
ill  Canada,  calcium  nitrate  manufactured  in  Norway, 
and  natural  nitrates  from  Chile.  Imports  from  Chile 
amounted  to  less  than  4  percent  of  the  supply. 

Deposits  of  Nitrate  Minerals.  Sodium  nitrate 
XaNOs)  is  produced  on  a  large  scale  from  natural  ni- 
t  rate  deposits  in  Chile.  The  deposits  occur  in  a  belt  a  few 
miles  wide  and  over  400  miles  long  that  lies  between  the 
eoast  range  and  the  Andes.  The  area  between  the  two 
mountain  ranges  is  one  of  the  most  arid  in  the  world, 
'i'he  nitrates  are  found  in  gently  dipping  deposits  of 
izravel  or  sand  cemented  by  soluble  salts.  Caliche  is  the 
local  term  used  for  material  containing  recoverable 
amounts  of  nitrate.  The  caliche  rarely  crops  out.  Typi- 
rally  it  is  overlain  by  gravel  or  sand  rich  in  chlorides 
and  sulfates,  and  it  lies  on  gravel  or  fractured  rock  that 
does  not  contain  soluble  salts.  The  deposits  of  caliche 
ai'e  very  irregular.  They  range  in  thickness  from  6 
inches  to  25  feet  and  are  covered  by  2  to  3  feet  of 
overburden.  Physically,  the  caliche  is  hard  and  compact. 
.V  typical  analysis  follows  (Rogers,  A.  II.,  and  Van 
Wagenen,  E.  M.,  1918,  p.  11)  : 

Percent 

NaNOs 14-25  (sometimes  up  to  40) 

KNO3 2-3 

NaCl 8-25  (sometimes  50-60) 

NasSOi 2-12 

CaSO, 2-6 

MgSO. 0-3 

Na2B407 1-3 

NalOa 0.05-1.0 

\aC10, 0.1-0.5 

Insoluble to  make  100 

In  the  recovery  of  nitrates,  the  caliche  is  first  drilled, 
blasted,  and  excavated,  generally  by  open  cut  methods. 
The  caliche  is  then  crushed  to  a  fairly  coarse  size,  1  inch 
to  \  inch,  and  leached  with  hot  mother  liquor  returned 
from  a  later  step  in  the  process.  The  nitrate-rich  liquor 
from  the  leaching  tanks  is  cooled,  and  sodium  nitrate 
crystals  precipitate.  Chilean  nitrate  is  guaranteed  to 
contain  95.5  percent  sodium  nitrate  and  a  maximum  of 
2  percent  moisture,  1.5  percent  sodium  chloride,  0.75 
percent  potassium  chloride,  and  0.5  percent  borax. 


Two  processes  are  used  to  produce  the  sodium  nitrate, 
the  Shanks  process  and  the  Guggenheim  process.  Shanks 
process  plants  have  capacities  of  10,000  to  110,000  tons 
of  sodium  nitrate  a  year.  The  minimum  grade  of  ore 
that  can  be  used  is  12  to  13  percent  NaNOs.  Much  hand 
labor  is  required,  the  consumption  of  fuel  is  high,  and 
losses  in  all  steps  from  mining  through  refining  some- 
times total  as  much  as  50  percent.  Guggenheim  process 
plants  are  highly  mechanized  and  have  capacities  of 
more  than  500,000  tons  of  sodium  nitrate  a  year.  Am- 
monia refrigeration  is  used  for  cooling  the  nitrate-rich 
solution,  and  the  maximum  use  is  made  of  waste  heat 
recovered.  Losses  of  nitrate  in  the  process  are  low.  The 
minimum  grade  of  ore  that  can  be  used  is  8  percent 
NaNOs.  In  recent  years  the  production  of  nitrates  in 
Chile  has  been  in  order  of  one  to  2  million  tons  per  year, 
a  little  less  than  half  of  which  is  shipped  to  the  United 
States.  Reserves  are  not  generally  known  but  are  believed 
to  be  adequate  for  many  years. 

Sources  in  California.  No  commercial  deposits  of 
natural  nitrogen  compounds  have  been  found  in  Cali- 
fornia, although  traces  of  sodium  nitrate  have  been 
found  in  certain  playas  and  in  efflorescent  deposits 
throughout  the  southeastern  desert.  An  exhaustive  search 
of  these  occurrences  was  undertaken  by  the  United 
States  Geological  Survey  during  and  following  World 
War  I.  The  most  promising  deposits  were  in  the  southern 
part  of  the  Amargosa  Valley,  Inyo  and  San  Bernardino 
Counties,  where  two  areas  totaling  168  acres  were  esti- 
mated to  contain  1,980  tons  of  sodium  nitrate.  The  ni- 
trate occurs  with  sodium  chloride  and  other  salts  in  a 
layer  of  caliche  about  5  inches  thick  that  rests  on  folded 
Tertiary  lake  beds.  The  caliche  is  unevenly  distributed 
and  averages  less  than  2.5  percent  sodium  nitrate  (Noble, 
1922,  p.  91). 

The  present  most  important  nitrogen  compound  in 
California  is  synthetic  ammonia  produced  at  three  plants 
in  the  San  Francisco  Bay  area  and  two  in  the  Los  An- 
geles area.  Ammonia  is  synthesized  from  hydrogen  and 
atmospheric  nitrogen  at  high  temperature  and  pressure 
in  the  presence  of  a  suitable  catalyst.  Four  of  the  plants 
obtain  hydrogen  from  natural  gas,  and  the  fifth  uses 
hydrogen  obtained  as  a  by-product  in  the  electrolysis 
of  sodium  chloride  brine.  Ammonium  salts  and  nitric 
acid  are  produced  from  ammonia  at  these  and  other 
plants  in  the  state.  Ammonium  sulfate  is  produced  as 
a  by-product  of  coke  manufacture  at  the  Fontana  plant 
of  the  Kaiser  Steel  Company,  and  a  petroleum  refinery 
in  the  Los  Angeles  area  recovers  an  additional  amount 
from  waste  products. 

Vses.  Nitrogen  compounds  are  of  economic  value  be- 
cause nitrogen  is  a  plant  food  that  is  essential  for  the 
healthy  growth  of  plants,  and  because  nitric  acid  is  an 
important  chemical  raw  material  used  in  the  manufac- 
ture of  explosives  and  by  other  chemical  industries.  The 
most  important  use  of  nitrogen  compounds  is  for  ferti- 
lizer. In  1954,  the  fertilizer  used  on  California  farms 
contained  162,060  tons  of  nitrogen.  Explosives  require 
additional  quantities  and  during  times  of  war  the  de- 
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Figure  1.  Flow  chart  showing  the  production  of  synthetic  am- 
monia from  synthesis  gas  produced  by  the  steam-methane  process. 

mand  for  nitrogen  compounds  to  be  used  for  explosives 
may  exceed  the  demand  for  fertilizers.  Smaller  quantities 
are  consumed  in  the  manufacture  of  plasties  and  syn- 
thetic fibers,  and  in  pulp  processing. 

California  soils  are  in  general  more  deficient  in  nitro- 
gen than  in  other  plant  foods.  In  addition  to  the  nitrogen 
removed  by  crops,  nitrates  are  leached  from  soils,  and 
gaseous  nitrogen  released  by  bacterial  action  also  is  lost. 
It  is  thought  that  nitrogen  must  be  in  the  form  of 
nitrate  to  be  available  to  plants.  The  nitrogen  content  of 
manure  and  other  organic  compounds  as  well  as  that  of 


ammonium  salts  and  calcium  eyanamide  is,  however, 
readily  converted  to  the  nitrate  form  in  the  soil  by 
bacterial  action.  In  California  most  of  the  nitrogen 
added  to  soils  is  in  mixed  fertilizers,  but  large  tonnages 
of  ammonia,  ammonium  sulfate,  ammonium  nitrate,  I 
ammonium  phosphate,  sodium  nitrate,  calcium  nitrate, 
and  calcium  eyanamide  also  are  used. 

Prices.  In  1955  the  price  of  Chilean  sodium  nitrate 
was  $47.75  per  ton  in  bulk  at  Pacific  Coast  ports.  The 
price  of  anhydrous  ammonia  was  $85-$88  per  ton,  and 
the  price  of  synthetic  ammonium  sulfate  in  bulk  was 
$42-$46  per  ton. 
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PEAT* 


By  Charles  W.  Jennings 


Peat  deposits  are  widespread  in  California,  but  only 
in  four  areas  are  the  deposits  known  to  be  of  suitable 
luality,  large  enough,  and  so  located  to  be  of  present 
jommercial  value.  These  areas,  from  which  substantial 
imounts  of  peat  have  been  mined  and  then  processed, 
ire  the  Sacramento-San  Joaquin  Delta  area.  Orange 
younty,  Modoc  County,  and  Santa  Cruz  County. 

In  the  United  States  peat  is  used  mostly  as  a  soil 
londitioner  and  in  mixed  fertilizers.  Very  small  amounts 
ire  used  as  mull  or  litter  material  for  domestic  animals, 
IS  packing  material,  and  in  chemical  applications  such 
18  filtering  and  tanning.  Although  peat  has  been  used 
IS  a  fuel  in  other  countries,  the  abundance  of  higher 
rank  fuels  in  the  United  States  has  kept  peat  out  of  the 
iomestic  fuel  industry. 

During  1953,  9,196  tons  of  peat  valued  at  $73,897  were 
produced  in  California.  To  help  meet  the  increasing 
iemand  for  agricultural  peat,  large  quantities  of  peat 
moss  were  shipped  into  California  primarily  from  Can- 
ada with  occasional  shipments  from  eastern  states.  The 
major  peat  producers  in  California  are  initiating  ex- 
pansion programs  to  meet  this  demand. 

Geologic  Occurrence.  Peat  is  an  accumulation  of 
partly  decomposed  and  disintegrated  vegetal  matter 
representing  the  first  stage  in  the  metamorphism  of 
plants  to  coal.  It  forms  in  undrained  depressions,  plains, 
or  river  deltas  that  contain  environments  favorable  to 
luxuriant  growth  of  peat-forming  plants.  The  plants 
range  from  woody  shrubs  and  trees  of  swamps,  to 
osses,  sedges,  reeds  and  grasses  of  marshes.  Poor  drain- 
age is  essential  in  the  formation  of  peat,  because  stand- 
ing water  largely  excludes  oxygen  and  prevents  complete 
decay,  thus  enabling  the  carbonaceous  matter  to  be 
preserved. 

The  type  of  vegetation  that  accumulates  determines 
the  type  of  peat  that  is  formed.  The  most  valuable  and 
sought-after  commercial  peat  is  formed  from  aquatic 
mosses.  Most  of  this  material  is  either  a  sphagnum  or 
hypnum  moss,  and  is  known  in  the  industry  as  peat 
moss.  Other  commercial  grades  of  peat  include  reed  or 
sedge  peat,  and  peat  humus  which  is  a  soil  high  in  or- 
ganic matter.  Most  of  the  peat  produced  in  California 
is  classified  as  peat  humus  and  reed  or  sedge  peat.  A 
high-grade  peat  moss,  however,  is  recovered  from  a  single 
bog  in  Modoc  County  in  northern  California. 

The  principal  nations  that  contain  most  of  the  world 's 
peat  and  the  extent  of  their  peat-bearing  areas  are  as 
follows : 

U.  S.  S.  R 65,000  square  miles 

Canada    37,000  square  miles 

Finland 30,000  square  miles 

Sweden    19,000  square  miles 

United   States 11,200  square  miles 

Other  countries  having  smaller  peat  reserves  but  which 
produce  substantial  amounts  of  peat  include:  Ireland, 
Netherlands,  Denmark,  Germany,  and  Norway.  The  es- 
timated world  production  of  peat  in  1953  was  53  million 
metric  tons.  Approximately  85  percent  of  this  amount 


*  Extracted   in   part   from   Peat,   bv    Lewis   T.    Braun,    in   California 
Div.  Mines  Bull.  156,  1950. 


was  produced  in  the  U.  S.  S.  R.  where  large  quantities 
are  used  in  electric  power  generation. 

The  United  States  contains  extensive  reserves  of  peat 
in  at  least  26  states.  The  northern  region  embracing 
Iowa,  New  England,  and  those  states  bordering  on  the 
Great  Lakes  contains  80  percent  of  the  total  deposits  of 
the  country.  Although  the  Pacific  Coast  States  have  less 
than  1  percent  of  the  nation's  total,  Washington  led  all 
states  in  peat  production  and  in  the  number  of  active 
operations  in  1953. 

In  Minnesota  and  Wisconsin,  peat  has  been  derived 
from  mosses,  grasses,  sedges,  shrubs,  and  trees,  and  the 
deposits  vary  in  texture  from  fibrous  in  the  top  layer 
to  plastic  at  the  bottom.  The  peat  deposits  of  Iowa,  Illi- 
nois, Indiana,  Ohio,  Pennsylvania,  and  New  Jersey  are 
of  similar  texture,  although  generally  more  fibrous. 
Sphagnum  peat  abounds  in  the  deposits  of  northern 
Minnesota,  Wisconsin,  and  Maine,  and  also  is  found  in 
other  New  England  States.  In  the  salt  marshes  of  the 
New  England  coast,  sedges  are  dominant.  Both  conifer- 
ous and  deciduous  trees  contributed  a  large  portion  to 
the  vegetable  matter  of  the  peat  along  the  Atlantic  coast 
south  of  New  Jersey,  and  these  deposits  contain  little 
sphagnum.  Florida  Everglades  peat  was  formed  largely 
from  saw  grass  and  sedge. 

Localities  in  California.  The  largest  peat  deposits 
in  California  are  found  in  the  Sacramento-San  Joaquin 
Delta  area.  Here  peat  and  peaty  muck  deposits  cover 
an  estimated  400  square  miles  most  of  which  are  under 
cultivation.  Peat  hujniia,  deposits  in  the  Huntington 
Beach  area  in  OrangeCounty  are  small  compared  to  the 
Delta  area,  but  production  is  comparatively  high.  A  peat 
bog  in  Modoc  County  supplies  peat  moss.  Peat  has  been 
mined  in  the  past  from  San  Diego,  Santa  Cruz,  and  San 
Bernardino  Counties,  and  U.  S.  Soil  Survey  maps  show 
peat  and  peaty  muck  occurring  in  Round  Valley,  Inyo 
County;  near  the  mouth  of  Salinas  River,  Monterey 
County;  along  San  Antonio  River  and  south  of  the 
mouth  of  Santa  Maria  River,  Santa  Barbara  County; 
and  in  various  sites  in  Siskiyou  and  Humboldt  Counties 
(U.  S.  Department  of  Agriculture,  1919-44). 

In  the__Siieramfnto-San  Joaquin  Delta  area  in  central 
C'JfTiforuia,  peaTis  exposed  over  an  area  of  about  250,000 
acres  (Weir,  1950).  These  highly  organic  soils  are  said  to 
comprise  the  second  largest  continuous  body  of  peat  land 
in  the  United  States,  exceeded  only  by  the  Everglades  in 
Florida.  With  the  exception  of  a  few  small  areas,  the 
entire  Delta  has  been  reclaimed  from  tule  swamp  and  is 
under  cultivation.  The  center  of  the  Delta  is  composed 
of  islands  which  are  surrounded  by  interlacing  chan- 
nels of  the  two  major  rivers.  In  portions  of  this  area 
the  peat  is  40  feet  or  more  in  depth  (Water  Project 
Authority,  1956).  All  of  the  channels  surrounding  the 
islands  are  navigable  to  barges  and  other  freight- 
carrying  craft. 

Cosby  (1941)_niapped  the  organic  soils  of  this  region 
amPdiVided  them  into  five  series.  Of  these  Correra  peat 
represents  the  extreme  in  raw,  unaltered,  parent  organic 
material.  Correra  peat,  which  occurs  mainly  on  marsh 
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PEAT   IN  CALIFORNIA 


EXPLANATION 
Location  of  active  peat  plant 
Peat  bogs 


Graham  Ranch  Peat  Bog 
active  1930-1942 

SANTA  CRU2^-~^^r; 
watsonvilie  peat 
Salinas  River  peor_ 
_^         and  tidal  morsti  ./ 


mEJ^' 


Figure  1.     Index  map  of  California  showing  distribution  of  peat.   {Ed.  note:  In  1955  the  name  Pacific  Natural  Products  Company  wasjl 
changed  to  Vita-Peat  Corporation.) 
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I'rc.rRE  2.     Grinding  and  stockpilinR  peat  at  the  Vita-Poat  Corporation's  plant  on  Bethel  Island  in  the  S;ici-anic'nt(i-S:iii  .ro:i(|nin  Delta  area. 


and,  is  estimated  to  underlie  5,312  acres  in  the  Sacra- 
iiPiito-San  Joaquin  Delta  area.  Cosby  describes  this  peat 
is  follows: 

Correra  peat  consists  of  practically  unaltered  virgin  deposits  of 
•'■at  characteristically  having  two  layers — a  comparativel.v  thin 
lyer  of  material  derived  from  tule,  or  bulrush,  overlying  a  deeper 
iicumulation  of  fibrous  remains  of  reed.  .  .  . 
P>y  far  the  larger  part  of  Correra  peat  remains  unreclaimed  and 
■iitinues  to  support  a  cover  of  native  plants.  In  some  localities  a 
I'lise  and  almost  pure  stand  of  tules  occurs,  although  in  general, 
"ine  reeds,  willows,  and  herbaceous  plants  are  also  included.  .  .  . 

In  general,  the  two  layers  of  Correra  peat  have  the 
;  blowing  profile  characteristics: 

I  "P  layer  Brown  fibrous-matted  tule  peat,  abundant  light- 
I  10'  to  20'  brown  small  fibrous  roots  and  dark-brown  or  almost 
Miick)  black  shiny  tule  rhizomes.  Small  quantities  of  dark 

brownish-gray  finely  divided  altered  plant  material. 

Hasj)H  of  about  5.0  and  is  about  jflgj^orgagic 

I'M'ttom  layer   Brown   or  light-brown   raw  fibrous-matted   tule-reed 

'.0' to  40'       peat    similar    to    above    peat    but    containing    many 

ilk)  identifiable  stems  and  roots  of  reeds,  which  become 

even  more  numerous  in  the  lower  part.  Grades  into 

underlying  brown,  softer  and  more  altered  reed  peat. 

In  1955  Correra  peat  was  being  dredged  from  Frank's 
Tiact  in  the  San  Joaquin  Delta  area  by  the  Vita-Peat 
I  "vporation  (formerly  Pacific  Products  Company), 
lii'thel  Island,  California.  Frank's  Tract,  lying  under 
fi  to  8  feet  of  fresh  water,  was  farm  land  protected  by 
livees  prior  to  1937  when  the  area  was  flooded  by  levee 
liieaks.  The  submerged  peat  is  preferred  by  the  operators 
1 11 'cause  it  is  believed  to  be  seed  free;  however,  adequate 
testing  of  the  marsh  peat  in  this  respect  has  not  been 
a  I  tempted.  The  peat,  classified  by  the  U.  S.  Bureau  of 
-Mines  as  a  reed  or  sedge  peat,  is  mined  by  means  of  a 
lloating  clamshell  dredge  and  is  transported  by  barge 
Ilia  stockpile  on  neighboring  Bethel  Island.  After  a  pe- 
liiid  of  one  to  two  months,  the  large  fibrous  lumps  are 
^liread  to  dry  in  the  sun,  then  ground  to  various  grades 
U<v  horticultural  and  other  purposes.  The  finished  prod- 
iiit  is  sold  through  exclusive  distributorships  in  either 
liiilk  truckloads,  or  in  one-,  two-,  or  five-cubic-foot  poly- 


ethylene-treated bags  for  the  retail  trade  in  California, 
Nevada,  Arizona,  Utah,  Oregon,  and  Idaho.  In  1954  the 
company  dredged  more  than  25,000  cubic  yards. 

In  the  fall  of  1955,  a  new  peat  operator,  Mr.  P.  J. 
Gambetta,  was  starting  a  peat  operation  from  another 
part  of  Frank's  Tract.  A  large  barge  of  500  cubic  yard 
capacity  was  being  used  to  transport  the  peat  to  a  drying 
yard  at  Indian  Slough.  Approximately  1,700  cubic  yards 
had  been  stockpiled. 

A  peat  bog  north  of  Huntington  Beach,  Orange  County, 
has  been  the  source  of  peat  for  the  past  30  years.  The 
bog,  which  is  a  naturally  fiUed-in  lake,  is  estimated  by 
the  operators  to  average  about  15  feet  thick  and  covers 
about  35  acres  of  dry  land.  The  material  is  classified  as 
peat  humus  and  is  sold  for  use  as  a  soil  conditioner.  Two 
operators  are  currently  mining  peat  at  this  locality:  the 
Peat  Sales  Company,  D.  M.  Callis,  Jr.,  17581  Gothard 
Road,  Huntington  Beach;  and  R.  W.  McClellan  and 
Sons,  151  Commercial  Way,  Costa  Mesa.  The  peat  is 
mined  by  dragline  and  scrapers,  and  a  mill  on  the  site 
crushes  the  peat  and  screens  out  reeds  and  rocks.  The 


FioiRE  .3.     Unloading  peat  from  barge  at  Frank's  Tract  in 
Sacramento-San  Joaquin  Delta  area. 
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Table  1. 

Specifications  for  peat  purchased  by  the  federal  government  (from  Federal  Stock  Catalog  Q-P-166) 

Composition 

Texture 

Deleterious 
substances 

Acidity 

(pH) 

Moisture 
content 

(by 
weight) 

Water 

holding 

capacity 

(by  weight) 

Color 

Ash          1 
content 

PEAT  MOSS- ._. 

Poorly    decomposed    stems 
and  leaves  of  Sphagnum 

moss 

Porous     fibrous 
to  spongy  fi- 
brous. Crumb- 
ly or  compact, 
homogeneous. 

Decomposed  col- 
loidal residue, 
wood,   sulfur, 
iron. 

Not  less  than  3.5. 
Not  more  than 
5.5 

Air  dry.  Not 
more  than 
35% 

Oven      dry 
basis.  Not 
less  than 
1.100% 

Brown 
Gray 
Yellow 
Red 

Horticultural  grade 

Finely  shredded 
dust    size    to 
wheat  bran 
size. 

Poultry  litter 

Medium  shredded 
lumpy;  as  large 
as  walnuts. 

Stable  bedding 

Coarsely  shred- 
d  e  d.    May 
contain  larger 
lumps. 

PEAT  HUMUS 

(Reed     muck    or    sedge 
muck) 

Finely  divided  plant  debris 
in  fairly  advanced  state 
of  decomposition. 

Granular,     uni- 
form size,  free 
from    hard 
lumps. 

Wood,   sulfur 
iron. 

Not    less    than 
5 . 0.    Not   more 
than  7.5. 

Not     more 
than  55% 

Oven   dry 
basis.  Not 

less  than 
100% 

Dark  brown 
to  black 

Not     more  ;, 
than  15%^ 

REED  PEAT  OR  SEDGE 
PEAT 

Moderately   decomposed 
stems  and  roots  of  rushes, 
coarse     grasses,     sedges, 
reeds,  canes,  etc. 

Coarse  or  finely 
fibrous. 

Wood,     decom- 
posed colloidal 
residue,  sulfur, 
iron. 

Not     more 
than  50% 

Oven      dry 
basis.  Not 
less  than 
360% 

Brown 

Not     more 
than  10% 

Acid  grade 

Not  less  than  4.5. 
Net  more  than 
5.5 

Nearly  neutral  grade 

Not  less  than  5.5. 
Not  more  than 
7.5 

finished  product  is  loaded  into  dump  trucks,  delivered 
in  bulk  loads,  and  marketed  from  the  Mexican  border  to 
Ventura  County. 

The  Modoc  Peat  Moss  Company  recovers  hypnum  peat 
moss  from  a  bog  in  Jess  Valley,  Modoc  County,  near 
Likely,  and  is  the  only  commercial  peat  moss  mining 
operation  in  California.  The  bog  is  free  of  tree  and  shrub 
growth  and  contains  no  alluvial  deposits.  The  marketable 
moss  extends  from  the  surface  down  to  two  or  four  feet, 
and  is  underlain  by  a  highly  organic  substratum.  The 
Soil  Survey  map  (U.  S.  Department  of  Agriculture, 
1931)  shows  approximately  1,280  acres  (two  sections) 
underlain  by  peat  and  peaty  muck.  Because  of  the  high 
elevation  (6,000  feet)  and  the  rigorous  winters,  the  bog 
is  worked  only  from  July  through  November. 

The  peat  moss  is  scraped  from  the  bog  onto  levees 
where  it  is  air  dried  for  about  four  weeks,  and  the  dried 
material  is  then  collected  and  trucked  to  Likely  for  bulk 
rail  shipment.  The  1955  production  is  estimated  to  have 
been  about  10,000  cubic  yards.  The  Modoc  Peat  Moss 
Company  maintains  an  office  at  604  Mission  Street,  San 
Francisco. 

In  Scott  Valley,  Santa  Cruz  County,  5  miles  north  of 
the  city  of  Santa  Cruz,  a  peat  deposit  was  worked  for 
about  12  years  starting  in  1930  (Hubbard,  1943).  About 
1,000  tons  of  peat  were  produced  annually,  and  the  peat 
was  loaded  by  hand  shovel.  The  dried  peat  was  pul- 
verized in  a  hammer  mill  and  stored  in  a  large  barn  to 
meet  orders  for  delivery  by  dump  truck.  The  peat  was 
classified  as  a  sedge  peat  and  ranged  in  depth  from  2J 


to  9  feet.  The  bog  covered  about  15  acres  of  the  Graham 
Ranch. 

In  1948  a  small  amount  of  peat  was  mined  in  San 
Diego   County  from  a  bog  near  the  Camp   Pendleton    ■ 
Naval  Reservation  (Roy  Kepner,  1956,  San  Diego  County 
Department   of   Agriculture,   Division  of  Natural   Re-    i 
sources,  personal  communication).  The  bog  was  adja-    | 
cent  to  the  San  Luis  Rey  River,  and  lay  largely  beneath 
a  pond  which  had  been  drained.  A  forty-foot  test  pit 
indicated  peat  the  entire  depth.   The  mined  material 
contained  approximately  85  percent  water  and  was  com- 
posed largely  of  decomposed  tules  and  other  aquatic 
vegetation.    Leasing   problems    and    mining   difficulties 
caused  the  project  to  be  abandoned. 

A  small  amount  of  peat  was  mined  during  the  early 
1920 's  near  Chino,  San  Bernardino  County,  and  its  oc- 
currence is  mentioned  in  the  U.  S.  Geological  Survey 
Bulletin  728  (Soper,  1922). 

Utilization.  The  principal  use  of  peat  is  as  a  soil 
conditioner.  Peat  contains  a  large  percentage  of  fibrous 
and  porous  organic  matter  (humus)  which  improves 
the  physical  structure  of  the  soil  and  promotes  plant 
development  when  used  in  large  enough  quantities.  Peat 
mixed  with  heavy  clay  soils  makes  them  more  granular, 
less  plastic,  and  consequently  more  permeable  to  water, 
air,  roots  and  microorganisms.  In  sandy  soils  peat  helps 
bind  the  soil  particles,  retards  excessive  percolation,  and 
makes  the  soils  more  retentive  of  moisture  and  nutrients. 
Contrary  to  popular  belief,  peat  is  not  a  fertilizer,  and 
the  nitrogen  that  it  contains  (3  percent  or  more  in  some 
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FiouKE  4.     Scraping  peat  from  bog  at  Huntington 
Beach  area,  Orange  County. 


peat)  is  not  readily  given  up  as  a  plant  food  like  the 
"soluble  nitrogen"  of  artificial  fertilizer.  Peat  is  suitable 
for  preparing  soil  for  plants  that  prefer  an  acid  condi- 
tion, such  as  rhododendrons,  azaleas,  camellias  and  gar- 
denias. Peat  is  commonly  mixed  with  sand  and  loam  soil 
in  the  preparation  of  potting  mixtures  or  in  the  germi- 
nation of  seeds. 

The  second  largest  market  of  peat  is  as  an  ingredient 
or  filler  in  mixed  fertilizers  in  which  it  acts  as  a  carrier 
for  the  primary  nutrients — nitrogen,  phosphoric  oxide, 
and  potash — not  as  an  agent  for  supplying  plant  food. 
Well-decomposed  peat  dried  and  ground  is  ordinarily 
used  for  this  purpose.  Because  of  its  moisture-absorbing 
qualities,  fibrous  peat  is  used  as  a  litter  material  for 
bedding  livestock,  and  its  deodorizing  capacity  makes  it 
useful  in  stable  and  poultry  yards.  Nurserymen,  gar- 
deners, and  others  use  peat  as  a  packing  material  for 
plants,  fruit,  vegetables,  eggs,  fish  bait,  and  fragile  ma- 
terials. Other  uses  of  peat  include  filtering  agents,  dye 
stuffs,  tanning  substances,  and  as  absorbent  in  surgical 
dressings,  but  the  quantities  so  used  are  small. 

In  several  European  countries,  peat  is  used  as  a  fuel, 
but  it  is  not  so  used  in  the  United  States  because  of 
ample  supplies  of  superior  fuels  with  much  higher 
calorific  values.  Other  products  derived  from  peat  in 
certain  European  countries,  but  not  produced  on  a  large 
scale,  include  montan  wax,  peat  coke  or  char,  gas,  and 
tar  products. 

Markets.  The  demand  for  peat  in  California  has  risen 
sharply  in  the  past  5  years.  The  value  of  the  peat  pro- 
duced in  1953  was  $73,900 — more  than  twice  the  value 
produced  in  1949  which  was  reported  as  $35,200  (U.  S. 
Bureau  Mines,  1949,  1953).  California  ranked  seventh 
in  production  among  the  18  states  producing  peat  in 
1953.  Although  the  United  States  contains  ample  re- 
serves of  peat,  large  quantities  of  peat  moss  are  imported 
annually,  principally  from  Canada,  Germany,  and  Neth- 
erlands. The  low  cost  of  labor  in  foreign  countries  and 
the  low  cost  for  transporting  the  peat  (used  as  ballast 
in  ships)  enable  the  imported  peat  to  compete  with  do- 
mestic sources.  Imports  of  peat  moss,  the  only  type  im- 
ported, are  subject  to  a  25-cent  duty  per  ton. 


The  wholesale  price  (f.  o.  b.)  of  peat  in  California 
ranges  from  about  $3.00  to  $4.00  per  cubic  yard  depend- 
ing on  the  type  of  peat,  and  whether  it  is  ground  and 
screened  or  unprocessed. 

The  federal  government  purchases  a  certain  amount  of 
peat  primarily  for  horticultural  purposes  provided  the 
peat  meets  their  specifications.  These  specifications  are 
outlined  in  table  1.  Methods  of  sampling  and  tests  are 
explained  in  the  Federal  Stock  Catalog  Q-P-166  which 
may  be  obtained  from  General  Services  Administration, 
Business  Service  Center,  Kegion  3,  Seventh  and  D 
Streets,  S.  W.,  Washington  25,  D.  C.  Opinions  differ 
as  to  the  relative  value  of  certain  kinds  of  peat,  and 
nurserymen  and  growers  have  their  own  preferences. 
Except  for  the  peat  sold  to  the  federal  government  and 
some  state  agencies,  the  peat  industry  does  not  have 
standard  specifications  or  standard  tests  for  grading 
peat. 

Recent  improvements  in  bagging  materials,  including 
polyethylene  products  and  other  paper  or  textile  bags 
treated  with  resins,  make  packaging  more  feasible,  per- 
mit shipment  over  long  distances,  and  allow  storage  for 
lengthy  periods  without  deterioration  of  the  bags  or  the 
product. 

Peat  producers  face  a  continuing  problem  of  quality 
control.  For  ordinary  greenhouse  use  and  for  home  gar- 
den purposes,  peat  should  be  free  from  hard  lumps  and 
from  excessive  salt  or  alkali.  Peat  with  brittle  stems  and 
strawlike  texture  soon  breaks  doven  to  form  a  dust  and 
is  considered  inferior.  Peat  materials  that  are  even  in 
texture,  fibrous,  and  free  from  dirt  and  alkali  salts 
should  prove  satisfactory.  Actual  growing  tests  will  help 
demonstrate  the  value  of  the  different  kinds  and  grades 
of  peat. 

BIBLIOGRAPHY 

Butterfield,  H.  M.,  1948,  Peat  moss.  (A  pamphlet  distributed 
by  Univ.  Calif.  College  of  Agriculture  Extension   Service,  3  pp.) 

Corgan,  J.  A.,  and  Chiriaco,  G.  V.,  1952,  Peat:  IT.  S.  Bureau 
of  Mjneo  Minorala  Ycfirbook. 

f<£osby,   S.  W.J-  19i3<lSfliL.aiu:vey   of   Sacramento — San   Joaquin_ 
delta'area    Calitornia:  U.  S.  Depi.  Agriculture,  UiilV.  TJalif.  Agri- 
cultural  Jillxperiment   Station,   48   pp.    (Good   description    of   peat 
including  a  detailed   map   showing   its   distribution    in    the   Delta 
area.) 

Davis,  C.  A.,  1911,  Uses  of  peat :  U.  S.  Bureau  of  Mines  Bull. 
16,  214  pp.  (See  p.  71  on  methods  of  prospecting  peat  bogs  and 
estimating  their  contents.) 

Davis,  F.  F.,  and  Vernon,  J.  W.,  1951,  Mines  and  mineral 
resources  of  Contra  Costa  County :  California  Jour.  Mines  and 
Geology,  vol.  47,  pp.  592,  594.  (Description  of  peat  operations  at 
Frank's  Tract  in  the  Delta  area.) 

Davis,  J.  H.,  1946,  Peat  deposits  of  Florida :  Florida  Geol.  Sur- 
vey, Geol.  Bull.  no.  30,  247  pp.  (An  excellent  account  of  the  oc- 
currences, development  and  uses  of  peat.) 

Hubbard,  H.  G.,   1943,  Mines  and   mineral   resources  of   Santa 

Cruz   County :   California  Jour.   Mines   and   Geology,   vol.   39,   pp. 

11-52.   (Description  of  Scott  Valley  peat  operation  on  pp.  48-49.) 

Laizure,   C.   McK,   1923,   Notes  on   peat  and   its   occurrence   in 

California :    California    Minr~Btir:;    voH    19:;    nor~S;    iJlx    I0S^lD7r 

Odell,  W.  W.,  and  Hood,  O.  P.,  1926,  Possibilities  for  commercial 

utilization   of  peat:    U..  S.   Bureau   of   Mines   Bull.   253,   160   pp. 

,-Sap£r;JI^_I£jj^nd  Osbon,  C.^C..  1922.  The-occurrence^nd  uses 

of  peathTtheUiiEed  States :  llTs.  Geol.  'Purvey  Bull.  728,  207  pp. 

U.   S.   Bureau  of  Mines,   1949-53,   Minerals  Yearbook,   chapters 

on  peat. 


408 


Bulletin  176 — Mlxeral  Commodities  of  California 


U.  S.  Bureau  of  Mines,  1955,  IJsnite  and  peat :  U.  S.  Bur. 
Mines  Bull.  556,  12  pp. 

U.  S.  Department  of  Agriculture  in  cooperation  with  University 
of  California  Agricultural  Experiment  Station,  Soil  Survey  Re- 
ports. (The  following  Soil  Survey  Reports  are  referred  to  herein: 
Bishop  area,  1928 ;  Salinas  area,  1925 ;  Santa  Ynez  area,  1927 ; 
Santa  Maria  area,  1919 ;  Shasta  A'alley  area,  1923 ;  Eureka  area, 
1925 ;  Alturas  area,  1931 ;  Sacramento-San  Joaquin  Delta  area, 
1941;   Santa  Cruz  area,  1914.) 


Water  Project  Authority  of  the  State  of  California,  May,  1956, 
Investigations  of  the  Sacramento-San  Joaquin  Delta :  Ground  Wa- 
ter Geology,  Rept.  no.  1,  21  pp.  (Plate  4  shows  thicknesses  of 
peat  and  related  organic  sediments  by  an  isopachous  map.) 

Weir,  W.  W.,  1950,  Subsidence  of  peat  lands  of  the  Sacramento- 
San  Joaquin  Delta:  Hilgardia,  vol.  20,  no.  3,  55  pp.,  Univ.  Cali- 
fornia Exper.  Sta.  (Includes  description  of  character  of  peat, 
reclamation  of  area,  and  subsidence.) 


PETROLEUM 

By  Charles  W.  Jennings 


California's  crude  oil  production  reached  an  all-time 
high  in  1953,  when  it  exceeded  one  million  barrels  per 
day  or  a  total  of  367,292,000  barrels  for  the  entire  year. 
After  a  temporary  decrease  in  1954  and  part  of  1955, 
production  began  to  increase  in  late  1955  and  attained 
981,000  barrels  per  day  at  the  close  of  the  year.  Califor- 
nia stands  second  only  to  Texas  in  crude  oil  productive 
capacity  and  provides  about  15  percent  of  the  nation's 
oil.  During  1954,  more  exploratory  wells  were  drilled  in 
California  than  in  any  previous  year  and,  in  late  1955, 
exploratory  drilling  was  active  in  every  major  sedimen- 
tary basin  in  the  state  and  in  the  offshore  waters  along 
the  coast.  California's  offshore  oil  deposits  have  an  esti- 
mated potential  production  of  more  than  4  billion  bar- 
rels. In  1955,  the  State  legislature  passed  a  tidelands  oil 
bill  which  has  stimulated  offshore  oil  exploration  pri- 
marily by  no  longer  restricting  offshore  drilling  to  only 
those  fields  threatened  by  drainage  from  onshore  wells. 
Deep  drilling  in  onshore  fields  has  become  more  common 
and  in  recent  years  has  led  to  most  of  the  new  discov- 
eries and  most  of  the  additions  to  reserves. 

GEOLOGIC  OCCURRENCE 

The  important  discoveries  of  petroleum  in  California 
have  been  restricted  to  certain  areas  in  the  San  Joaquin 
Valley,  the  southern  Coast  Ranges,  the  Transverse 
Ranges  and  the  Los  Angeles  basin.  This  is  not  accidental, 
but  is  attributable  to  the  fact  that  commercial  accumula- 
tions of  petroleum  form  only  in  special  geologic  environ- 
ments. Such  environments  pertain  in  a  relatively  small 
part  of  the  area  of  California. 

Origin  of  Oil.  An  estimated  99  percent  or  more  of  all 
the  known  oil  in  the  world  occurs  within  or  in  close 
proximity  to  sedimentary  rocks  which  either  contain 
abundant  organic  remains  or  were  deposited  under  con- 
ditions that  supported  abundant  plant  and  animal  life 


Unconformity 


(Hoots,  1941).  Although  small  quantities  of  oil  have 
been  attributed  to  inorganic  origins,  the  weight  of  chemi- 
cal and  geological  evidence  has  led  to  a  general  accept- 
ance of  the  concept  that  all  commercial  deposits  of  petro- 
leum and  gas  originated  in  organic  matter  buried  in 
sediments  during  past  geologic  ages.  The  processes  by 
which  such  organic  matter  is  transformed  into  petroleum 
are  not  completely  understood,  but  such  factors  as  bac- 
terial action,  depth  of  burial,  temperature,  pressure,  cat- 
aly.sts,  and  perhaps  radioactivity,  are  contributing 
causes. 

Reservoir  Bocks.  After  formation,  petroleum  must 
migrate  to  and  be  trapped  in  a  permeable  and  porous 
reservoir  rock  before  a  potential  oil  pool  can  exist.  When 
the  source  muds  are  buried  beneath  other  sediments,  the 
accumulating  weight  is  believed  to  gradually  compact 
the  lower  beds,  and  the  petroleum  and  other  enclosed 
liquids  are  squeezed  into  more  permeable  rock  such  as 
sandstone.  Then  the  oil  and  gas  migrates  under  the  ac- 
tion of  capillarity,  gas  pressure,  and  hydraulic  pressure 
through  the  reservoir  rock.  Where  suitable  traps  exist, 
the  oil  is  concentrated.  In  general,  an  oil  reservoir  rock 
must  have  sufficient  pore  space  to  contain  large  quanti- 
ties of  fluids  and  the  fluids  must  be  able  to  flow  through 
it;  that  is,  a  reservoir  rock  must  have  high  porosity 
and  permeability  in  order  to  yield  petroleum.  An  esti- 
mated 98  percent  of  the  oil  produced  in  California  is 
obtained  from  fields  with  sandstone  reservoir  rocks.  A 
few  fields  in  the  Los  Angeles  basin  yield  part  of  their 
oil  from  Miocene  conglomerates  composed  of  schist  frag- 
ments or  from  reservoir  rocks  composed  of  fractured 
schist  of  Jurassic  (?)  age.  Fractured  schist  also  forms 
the  reservoir  rock  in  one  pool  in  the  Edison  field  in  the 
San  Joaquin  basin.  Fractured  chert  or  shale  of  Miocene 
age  yields  all  or  part  of  the  oil  in  the  Santa  Maria  basin 
fields  and  comprises  one  of  the  reservoir  rocks  in  at 
least  3  fields  in  the  San  Joaquin  basin. 


FIOUBE  1.     Generalized  cross-section  showing  representative  types  of  oil  traps  found  in  California. 
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Taile  J.     Production  of  crude  oil  in  California  hy  geologic  ages." 


Geologic  age 

No.  of  pools 

Cumulative 

production 

on  1/1/55 

(thousand 

bbls.) 

Production 

19S4 

(thousand 

bbls.) 

No.  of 
producing 

wells 
12/31/54 

7 

149 

405 

37 

39 

3 

3 

7 

650 

345,394 

4,845,813 

4,400,188 

135,440 

326,198 

2.520 

25,053 

3,832 

10,084,438 

3,833 

118,945 

195,773 

13,332 

21,610 

14 

2,155 

203 

355.865 

2,470 

Pliocene 

Miocene  .   - 

13,852 
14,890 

923 

Eocene 

523 

2 

126 

Unclassified 

78 

32,864 

•  From  Conservation  Committee  of  California  Oil  Producers,  1955. 

An  outstanding  feature  of  the  reservoir  rocks  of  many- 
California  oil  fields  is  their  enormous  thickness  or  verti- 
cal extent.  The  aggregate  thickness  of  the  oil  producing 
zones  in  a  single  field  commonly  is  measured  in  thou- 
sands of  feet,  and,  in  effect,  is  equivalent  to  several  nor- 
mal fields  of  other  regions  piled  one  upon  another 
(Carter,  1954).  This  results  in  some  astonishing  per  acre 
recoveries.  Long  Beach  oil  field,  for  example,  has  pro- 
duced more  than  600,000  barrels  per  acre  and  is  one  of 
the  largest  producing  oil  fields  in  the  state. 

Oil  in  California  is  withdrawn  from  reservoir  rocks 
that  range  in  age  from  Pleistocene  to  pre-Cretaceous. 
Table  1  shows  the  number  of  pools  and  their  production 
arranged  by  geologic  ages.  Most  of  this  production  is 
now  obtained  from  formations  of  Miocene  age  although 
most  of  the  cumulative  production  to  date  has  been  from 
rocks  of  Pliocene  age. 

Oil  Traps.  A  trap  is  any  combination  of  geologic 
features  that  will  stop  the  upward  and  lateral  migration 
of  petroleum  and  allow  it  to  collect  in  a  limited  area. 
A  trap  may  be  the  result  of  structural  deformation, 
stratigraphic  conditions,  or  a  combination  of  the  two. 
In  order  to  be  effective,  the  trap  must  lie  under  an  es- 
sentially impervious  caprock  or  other  seal.  The  known 
oil  traps  in  California  fields  may  be  classified  as  follows : 

I.  Structural  traps  (tectonic  causes) 

1.  Anticlinal 

2.  Fault 

3.  Fracturing 

4.  Combination  of  above 

II.  Stratigraphic  traps  (caused  by  irregularities  in  rocks  when 
deposited ) 

1.  Depositional  (lensing,  buttressing) 

2.  Erosional  (truncation — unconformities) 

3.  Cementation  (tar  seal,  porosity-permeability  factors) 

4.  Combination  of  above 

III.  Combination  structural — stratigraphic 

The  type  of  oil  trap  attributed  to  each  oil  field  in  the 
state  is  indicated  in  table  2. 

The  classical  and  most  widely  known  type  of  trap  is 
the  closed  anticline.  Indeed,  most  of  the  oil  produced 
in  California  has  been  obtained  from  simple  anticlines 
or  from  faulted  anticlines.  In  the  latter,  faults  com- 
monly control  the  immediate  localization  of  the  oil  within 
the  folds.  The  next  most  common  type  of  trap  in  Cali- 
fornia fields  is  the  fault  trap.  Combinations  of  struc- 
tural and  stratigraphic  traps  are  attributed  to  the  re- 
maining oil  fields. 


COMPOSITION   OF  PETROLEUM  f. 

Petroleum  is  a  mixture  of  naturally  occurring  hydr^; 
carbons  consisting  of  about  84-87  percent  carbon  anil' 
11-13  percent  hydrogen.  Sulfur,  nitrogen,  and  oxygen  aife* 
the  most  abundant  impurities.  Although  the  elementai| 
constitution  of  petroleum  is  simple  and  fairly  uniform^' 
the  molecular  construction  is  complex  and  varies  widely. 
As  many  as  18  different  series  of  hydrocarbons  have  been 
identified  in  crude  petroleum,  but  hydrocarbons  of  only 
three  series  (paraffins,  naphthenes,  and  benzenes)  make 
up  the  greatest  part. 

The  difficulties  of  classifying  petroleum  by  the  chemi- 
cal constitution  of  the  hydrocarbon  compounds  present 
have  led  to  a  simpler,  less  technical,  two-fold  classifica- 
tion. This  is  based  on  the  character  of  the  residue  left 
by  distilling  away  the  lighter  fractions  in  crude  oil. 
Paraffin-base  oils  are  those  which  leave  a  light-colored 
wax  containing  considerable  amounts  of  hydrocarbons 
of  the  paraffin  series.  Asphaltic-base  oils  yield  a  dark 
asphaltic  residue  consisting  predominantly  of  naphtheiie. 
An  example  of  a  typical  paraffin-base  oil  is  that  produced 
in  Pennsylvania.  Most  of  the  oil  produced  in  California, 
Mexico,  and  the  U.S.S.R.  is  of  the  asphaltic-base  type. 

LOCALITIES 

All  of  the  producing  oil  fields  in  California  are  con- 
fined to  the  principal  basins  in  which  Tertiary  sedimen- 
tary rocks  were  deposited.  The  major  petroleum  fields 
are  grouped  in  the  Los  Angeles  basin,  Ventura  basin,  i 
Santa  Maria  basin,  San  Joaquin  basin,  Cuyama  basin,: 
and  the  Salinas  basin.  Though  crude  oil  production  is 
negligible  in  northern  California,  the  largest  dry  gas 
fields  of  the  state  are  located  there  (see  section  on  nat- 
ural gas  in  this  volume).  Maps  of  the  oil  and  gas  fields, 
showing  the  location,  ownership,  and  status  of  wells 
drilled  can  be  purchased  from  the  California  Division 
of  Oil  and  Gas,  205  Golden  Gate  Ave.,  San  Francisco. 
An  outline  map  of  the  state  showing  the  boundaries  of 
the  available  oil  and  ga,^  field  maps,  and  an  index  to 
fields,  is  published  in  the  Summary  of  Operations,  Cali- 
fornia Oil  Fields,  issued  semi-annually  by  the  Division 
of  Oil  and  Gas. 

EARLY   HISTORY  OF  EXPLORATION 
AND   DISCOVERY 

Drilling  for  oil  in  California  began  in  the  1860 's  and 
was  conducted  mostly  in  the  vicinity  of  oil  seeps  and 
outcrops  of  oil-impregnated  rocks.  With  the  development 
and  application  of  surface  and  subsurface  geologic 
methods  of  exploration,  the  discovery  rate  began  to 
climb  and  many  large  and  small  fields  were  brought  in. 
The  discovery  of  such  fields  as  Midway-Sunset  (1910), 
Huntington  Beach  (1920),  Elk  Hills  (1919),  Signal 
Hill  (1921),  Santa  Pe  Springs  (1921),  Ventura  Avenue 
(1925),  and  Kettleman  Hills  (1928)  brought  a  prolific 
oil  production  and  market  expansion  to  California. 

The  development  of  the  Midway-Sunset  field  led  to 
the  greatest  gusher  in  the  history  of  the  United  States'! 
petroleum  industry.  This  gusher,  the  famous  Lakeview 
No.  1,  flowed  out  of  control  for  544  days  and  reached 
an  estimated  peak  daily  output  of  approximately  68,000 
barrels  a  few  days  after  coming  in.  The  discovery  of 
deep  zones  in  Ventura  Avenue  field  proved  a  majof 
addition  to  the  state's  reserves,  and  three  pipelines  wer0 
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EXPLANATION 


SEDIMENTARY    ROCKS 


Includes  all  proved  oil  and  qos  fields 
and  favorable   prospective   areas. 


n,     VOLCANIC    ROCKS 


Underlain  by  bosement  complex  and 
srTioii  areas  of  sedimenfary  rocks. 


FRANCISCAN-KNOXVILLE    GROUP 

Strongly  deformed  sedimentary  and 
basic  igneous  rocks    Basement.  No 
commercioJ  discoveries  of  oil  or  gas 

GRANITIC    AND 
METAMORPHIC   ROCKS 
Includes    Cenozoic  non-marine 
sedimentary  and  volcanic  rocks 


QUATERNARY    to 
CRETACEOUS    incl 


QUATERNARY 
TERTIARY 


UPPER  JURASSIC 


CRETACEOUS  to 
PALEOZOIC  and  older 


OIL  AND  GAS    PRODUCTION    AREAS 
PRINCIPAL    FAULTS 


GENERALIZED    FROM    GEOLOGIC    MAP  OF   CALIFORNIA 
AND    FROM    MAPS    OF    THE    DIVISION    OF    OIL    AND    GAS 


SANTA  MARIA  BASIN 


Co.-*-  •  •  •/ 

.0  '.E  'S.  E-.R    T-.t  .  •.  -.  -.>% 


MAP   OF  CALIFORNIA    SHOWING 
MAJOR    ROCK    UNITS  AND  THEIR 
SIGNIFICANCE  TO  EXPLORATION   FOR 
OIL  AND  GAS 

Scole  in  miles 


FiGXJBE  2.     Map  of  California  showing  major  rock  units  and  their  significance  to  exploration  for  oil  and  gas. 
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Figure  3.  Man-made  island  IJ  miles  seaward  from  Seal  Beach,  constructed  in  water  42  feet 
deep.  By  September  1955  eight  wells  had  been  completed,  and  a  ninth  well  was  being  drilled. 
Photo  courtesy  of  Monterey  Oil  Co. 


laid  from  this  field  to  Los  Angeles  in  1925  and  1926. 
The  development  of  the  great  Kettleman  Hills  oil  and 
gas  field  led  to  the  introduction  of  natural  gas  to  the 
San  Francisco  Bay  region  in  1929. 

A  new  era  in  the  search  for  oil  was  introduced  in  the 
early  1930 's  with  the  application  of  the  reflection  seis- 
mograph to  oil  prospecting.  The  seismograph  determined 
the  existence  of  large  anticlinal  structures  and  thick 
sedimentary  sections  that  had  lain  hidden  deep  beneath 
the  alluvial  fill  of  the  San  Joaquin  Valley. 

The  Santa  Maria  Valley  oil  field,  discovered  in  1934, 
was  the  first  major  stratigraphie-trap  oil  field  found  in 
California  after  geologists  recognized  the  importance  of 
such  features  and  began  searching  for  them.  This  new 
approach  to  the  search  for  oil  yielded  excellent  results 
and  accounted  for  the  discovery  of  the  Bast  Coalinga 
Eocene  field  in  1938,  the  Antelope  Hills  field  in  1942, 
the  Cymric  field  in  1943,  and  the  Guijarral  Hills  field 
in  1948. 

The  discovery  of  two  new  districts — Cuyama  Valley 
and  Salinas  Valley — in  1948  made  dramatic  news,  prin- 
cipally because  they  were  wholly  unexpected  by  most 
of  the  investigators  in  the  oil  industry.  Within  2  years, 
these  new  districts  added  half  a  billion  barrels  to  Cali- 
fornia's oil  reserve  and  their  ultimate  yield  should  prove 
to  be  appreciably  greater. 

The  existence  of  oil  pools  off  California  shores  has 
been  known  for  some  time.  As  early  as  1896,  tideland 
wells  were  drilled  at  Summerland,  Santa  Barbara 
County.  By  1906,  the  number  of  offshore  wells  along 
the  beach  and  on  piers  at  Summerland  had  reached  412. 
Oil  beneath  tide  and  submerged  lands  has  since  been 


developed  from  coastal  wells  drilled  at  Rincon,  Elwood, 
Capitan,  Huntington  Beach,  Seal  Beach,  and  Montalvo. 

HIGHLIGHTS   IN   EXPLORATION   1952-55 

During  1954,  more  exploratory  wells  were  drilled  I'm- 
oil  and  gas  in  California  than  in  any  previous  year.  Of 
632  exploratory  wells  drilled,  541  were  dry  holes  and 
91  accounted  for  new  field  discoveries,  new  extensions 
of  previously  producing  pools,  and  deeper  or  shallower 
pools  (Moody,  1955).  The  success  factor  for  all  explora- 
tory wells  drilled  was  14.4  percent  and  new  field  wildcats 
had  a  success  factor  of  3.5  percent. 

In  late  1955,  exploratory  drilling  was  being  carried  on 
in  every  major  sedimentary  basin  in  the  state  and  in  ilie 
offshore  waters  along  the  coast.  Deep  drilling  has  become 
more  common  and  has  led  to  most  of  the  new  discoveries 
and  most  of  the  new  oil  reserves.  From  August  1953,  to 
November  1955,  California  had  the  world's  deepest 
well— Ohio  Oil  Company's  "KCLA"  72-4  well  in  the 
Paloma  oil  field — which  reached  a  depth  of  21,482  feet. 
In  December  1953,  California  also  claimed  the  world's 
deepest  producing  well  in  the  North  Coles  Levee  oil  field. 
Kern  County,  when  Richfield  Oil  Corporation  completed 
"C.L.A."  67-29  in  the  interval  17,497  to  17,792  feet. 

In  April  1952,  the  discovery  of  oil  in  Eocene  beds  at  a 
depth  of  9,600  to  9,756  feet  in  the  Wheeler  Ridge  field 
proved  the  commercial  possibilities  of  production  from 
deep-lying  Eocene  beds.  This  opened  a  vast  area  in  the 
San  Joaquin  basin  to  favorable  consideration  and  pros- 
pecting. Data  on  significant  new  oil  field  discoveries  and 
new  oil  pool  discoveries  that  have  been  made  during 
1952-54  are  listed  in  table  3. 
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Table  3.     Oil  fields  and  pools  discovered  in  California  during  19')2-5Ji,  shotning  must  notable  production.* 
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fear 


New  field  or  pool 


Prod,  depth 

of  disc,  well 

(feet) 


Cumulative  oil 

production  to 

12/31/54 


No.  of  prod, 
wells  12/54 


Production 
B/D,  12/54 


1962 


1953 


1954 


Deep  Sespe  pool  in  Torrey  Canyon 

Eocene  pool  in  Wheeler  Ridge 

Oakridge  field 

Antelope  shale  pool  in  Buena  Vista  Hills 

Terry  pool  in  Tapo  Canyon,  South 

Alexander  pool  in  Cat  Canyon,  West 

Leda,  North  pool  in  Guijarral  Hills 

Long  Beach  airport 

Fillmore  field 

Olcese  pool  in  Tejon-Grapevine 

Exeter  pool  in  Midway-Sunset 


9.327 
9,756 
3,300 
4,400 

2,507 
3,650 

8,940 
9,065 
14,275 
5.744 
5,367 


2,208,826 
2,012,075 
2,415,874 
2,754,977 

1,655,329 
1,390,290 

1,138,836 
603,696 
129,832 
246,974 
142,187 


14 
16 
39 
38 

17 
25 

24 
13 

2 
15 

6 


3,103 
4,035 
2,696 
3,815 

2,221 
1,407 

4,846 
9,673 
692 
2,349 
2,142 


ata  from  Conservation  Committee  of  California  Oil  Producers  1953-1955  and  Am.  Assoc.  Petroleum  Geologists  Bull.  June  Issues  1953-55. 


Special  mention  should  be  given  to  the  drilling  pro- 
am  in  the  Twentieth  Century  Pox  pool  in  the  old 
sverly  Hills  field  which  started  in  1954  and  was  con- 
luing  into  1956.  These  wells  lie  in  the  heart  of  a  resi- 
ntial  section  in  greater  Los  Angeles.  All  operations  are 
aducted  under  very  stringent  city  ordinance  require- 
mts ;  the  drilling  rig  is  fully  enclosed  with  soundproof- 
j  material,  and  electrical  power  is  used  throughout  the 
ill  site.  By  late  1955,  seven  wells  had  been  completed 
this  field  and  in  November  1955,  they  were  placed  in 
oduction  through  pipe  lines  constructed  during  the 
ar.  Tremendous  strides  have  been  made  by  the  oil  in- 
stry  in  developing  such  techniques  and  equipment  to 
minate  unsightly  and  unpleasant  features  associated 
th  oil  fields. 

In  October  1954,  the  first  California  offshore  well 
illed  from  a  man-made  island,  75  feet  in  diameter,  was 
mpleted  off  Seal  Beach,  Orange  County.  By  September 
55,  seven  additional  wells  were  drilled  from  the  island 
d  placed  in  production,  and  pipe-line  facilities  con- 


necting the  wells  with  the  mainland  were  completed. 
Development  of  this  offshore  field  is  continuing  and 
many  additional  wells  are  planned  to  be  directionally 
drilled  from  this  site. 

At  the  end  of  1955,  a  deeper  fault  block  discovery  in 
the  Sunset  Beach  field  appeared  to  be  a  most  promising 
area.  Several  wells  flowing  1000  to  2000  barrels  per  day 
were  completed  and  in  December  more  than  20  wells 
were  drilling. 

FUTURE    EXPLORATION    IN    CALIFORNIA 

A  continuing  search  for  additional  fuel  resources  is 
indicated  as  an  inevitable  consequence  of  the  future 
growth  of  California's  population  and  industry.  New 
reserves  will  be  more  difficult  to  find  than  in  the  past, 
but  the  search  for  them  is  being  directed  toward  (1)  dis- 
covery of  offshore  fields,  (2)  discovery  of  onshore  fields 
in  new  areas,  (3)  extension  of  old  fields,  (4)  discovery  of 
new  pools  in  known  fields,  and  (5)  improved  methods  of 
secondary  recovery. 


IGURE    4. 


Piers  in  the  sea  follow  extension  of  Rincon  oil  field  seaward.   Several  deflected  holes  have  been   drilled  from   each   derrick 
site  on  the  piers.  Offshore  field  is  located  about  half  way  between  Santa  Barbara  and  Ventura. 
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Tidelands  Oil.  Mineral  resources  engineers  of  the 
State  Land  Commission  have  estimated  that  California's 
offshore  oil  deposits  have  a  potential  production  of  four 
billion  barrels  by  primary  recovery  techniques  (Hortig, 
1954).  In  the  future,  offshore  wells  will  be  drilled  pri- 
marily in  the  area  of  seaward  extension  of  the  Los  An- 
geles basin  where  the  Seal  Beach  offshore  wells  lie,  as 
well  as  in  the  seaward  extension  of  the  Santa  Barbara 
and  Santa  Maria  basins.  These  seaward  extensions  are 
geologically  part  of  the  large  sedimentary  basins  wherein 
lie  three  major  oil  provinces  of  the  state.  Other  offshore 
potentialities  are  being  studied  from  Humboldt  Bay  at 
the  north  to  the  Mexican  border  on  the  south. 

During  the  1955  legislative  session,  Governor  Goodwin 
Knight  signed  into  law  a  new  tidelands  oil  bill  which 
amends  that  part  of  the  Public  Kesources  Code  relating 
to  oil,  gas,  and  mineral  leases  of  state  lands.  Previously 
it  had  been  necessary  to  show  that  offshore  pools  were 
threatened  by  drainage  from  onshore  wells  before  the 
state  could  grant  a  tideland  lease.  This  new  law  should 
provide  the  oil  industry  the  long-awaited  opportunity  to 
explore  for  additional  oil  off  the  California  coast. 

New  Oil  Areas.  Not  only  will  new  fields  offshore  be 
brought  in  but,  in  all  probability,  new  fields  in  new  areas 
onshore  will  be  discovered.  For  example,  the  discovery 
of  oil  at  Cuyama  and  San  Ardo  began  the  development 
of  two  previously  undeveloped  sedimentary  basins.  To- 
day these  fields  are  the  sixth  and  seventh  largest  pro- 
ducing oil  fields  in  the  state.  No  big  discoveries  have 
been  made  in  these  two  sedimentary  basins  since  these 
fields  were  developed,  but  large  areas  of  sedimentary 
rocks  still  remain  untested  by  drilling. 

Exploration  beneath  thrust  faults  may  well  lead  to  the 
discovery  of  hidden  pools  in  some  areas.  Aliso  Canyon 
oil  field  is  a  good  example ;  here  oil-barren  Miocene  rocks 
appear  at  the  surface  but  drilling  has  revealed  that  these 
had  been  thrust  over  oil-bearing  Pliocene  rocks. 

Extensions  of  Old  Fields.  The  extension  of  presently 
producing  fields  should  add  considerable  reserves  in  the 
future.  As  more  and  more  development  wells  are  drilled 
the  subsurface  geology  becomes  better  understood  and 
thereby  information  is  provided  showing  where  exten- 
sions to  the  fields  lie. 

New  Pools.  Discoveries  of  new  pools  in  known  fields 
will  in  all  probability  keep  drilling  activity  at  a  high  rate 
for  years  to  come.  Experience  has  shown  that  sometimes 
decades  elapse  after  the  discovery  of  a  field  before  deeper 
zones  are  discovered.  For  example,  the  Buena  Vista  Hills 
field  was  discovered  in  1909,  but  the  27-B  pool  was  not 
discovered  until  1944,  the  23-B  pool  in  1950,  and  the 
Antelope  Shale  pool  in  1952. 

Until  most  fields  have  been  drilled  to  basement  rocks, 
the  possibility  of  deeper  production  still  exists.  Modern 
technology  has  improved  rotary  drilling  equipment  to 
enable  drillers  to  obtain  depths  over  20,000  feet.  Al- 
though deeper  drilling  means  higher  costs,  such  wells 
are  becoming  more  common. 

Secondary  Recovery.  In  secondary  recovery  lies  one 
of  the  greatest  potential  oil  reserves.  The  presently  non- 
recoverable  oil  contained  in  all  known  California  oil 
fields  probably  exceeds  all  of  the  state's  past  production 
or  more  than  10  billion  barrels  of  oil.  A  portion  of  this 


residual  crude  will  become  available  as  methods  of 
tracting  it  are  perfected.  "Water  flooding  and  gas  injj 
tion  already  have  become  important  phases  of  productiof 
in  many  California  fields.  Basically,  water  flooding  coj 
sists  of  injecting  water  into  the  oil  reservoir  throuff 
intake  wells  located  on  the  margin  of  the  field  in  order  i 
drive  or  flush  the  oil  toward  producing  wells.  In  the  ga 
injection- method  of  secondary  recovery,  the  gas  which  i 
injected  under  pressure  transmits  the  pressure  to  the  oi 
and  a  pressure  gradient  is  established  from  the  inta^ 
well  to  the  producing  well  (Levorsen,  1954,  p.  463).  I 
addition,  the  gas  dissolves  in  the  oil,  lowers  its  viscositj 
and  permits  it  to  flow  more  freely  through  the  reservoi 

In  1955,  several  fields  were  undergoing  experimentf 
secondary  recovery  projects.  For  example,  in  the  Sa 
Miguelito  field  water  was  pumped  directly  from  tl 
ocean  to  an  elevation  of  about  1000  feet  and  then  ii 
jected  into  the  Third  Grubb  pool  located  about  8.O0i 
feet  below  sea  level.  This  marked  the  first  use  in  Califofl 
nia  of  water  taken  directly  from  the  sea.  Another  e:i 
ample  is  in  the  Dominguez  oil  field  where  one  of  tq 
largest  water  floods  in  a  California  field  was  started  i| 
July  1954. 

In  several  California  oil  fields  the  recovery  of  highli 
viscous  crude  oil  is  undertaken  by  introduction  of  dili 
ents,  heating  elements,  hot  water  or  steam.  At  the  Sa- 
Ardo  field,  for  example,  oil  of  10°  to  12°  gravity 
blended  with  warm  higher  gravity  oil  to  produce  abovj 
30,000  barrels  of  14.5°  gravity  oil  per  day.  In  1955,  li^ 
new  experiment  in  secondary  recovery  by  in  situ  combu'ji 
tion  process  was  started  in  the  South  Belridge  fiekj 
Fundamentally,  this  method  consists  of  setting  an  undell 
ground  fire  whereby  the  heat  will  reduce  the  viscosity  (i 
the  oil  and  drive  the  hydrocarbons  toward  producir 
wells.  This  test  will  be  the  first  attempt  in  California  i 
recover  heavy  oil  from  a  commercial  field  by  means  of  a 
underground  combustion  process.  The  experiment,  whi( 
is  expected  to  take  2|  to  3  years  to  complete  and  to  cot 
about  $1,000,000,  was  planned  to  determine  if  thermi 
recovery  is  feasible  from  both  engineering  and  econom 
points  of  view.  Another  pilot-scale  field  test  of  a  seconi 
ary  recovery  method  involving  combustion  of  undel 
ground  formations  is  being  planned  for  an  area  in  tn 
Midway-Sunset  field.  The  objective  of  the  test  will  be  4 
determine  if  this  method  of  secondary  recovery  outpe 
forms  water  and  gas  injection  methods  on  certain  typ 
of  structures  and  crude  oils. 

PRODUCTION 

California's  oil  industry  has  undergone  remarkab 
changes  in  the  past  decade.  Before  World  "War  II,  pr 
duction  of  crude  oil  in  California  fields  was  far  in  exce 
of  local  demand,  and  large  quantities  of  crude  oil  ar 
gasoline  often  were  sold  on  the  world's  markets  fi 
whatever  prices  they  would  bring.  Since  "World  "War  J 
the  demand  for  petroleum  caused  by  the  greatly, 
creased  population  and  the  rapid  industrialization; 
many  parts  of  the  state  has  surpassed  the  produc 
capacity  of  the  local  refineries.  Since  1951  the  refine: 
in  California  have  imported  substantial  quantities 
crude  from  foreign  sources.  Exports  of  oil,  howe 
have  continued  to  be  large,  so  that  at  the  present  t 
California  refineries  simultaneously  import  and  ex 
crude  oil.  This  seeming  paradox  is  attribiitable  most! 
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Table  4.     Six  largest  crude  petroleum  producing  states  1949-53.* 


State 


Prrduction  in  thousands  of  barrels 


1950 


1951 


1952 


1953 


Percent  of  totj 
crude  oil 
produced  in  - 
U.  S.  in  19531 


1.  Texas 

2.  California" 

3.  Louisiana 

4.  Oklahoma 

5.  Kansas 

6.  Wyoming 


744,834 
332,942 
190,826 
151,660 
101,868 
47,890 


829,874 
327,607 
208,965 
164.599 
107,586 
61,631 


1,010.270 
354,561 
232,281 
189,869 
114,522 
68,929 


1,022,139 
359,450 
243,929 
190,435 
114,807 
68,074 


1,019,164 
365,085 
256,632 
202,570 
114,566 
82,618 


43.4 

15.5 

10.8 

8.6 

4.9 

3.6 


•  From  U.  S.  Bur.  Mines  Minerals  Yearbook,  1953. 

the  high  proportion  of  low  gravity  crude  oils  produced 
in  California,  which  are  difficult  and  costly  to  refine.  As 
a  result,  residual  fuel  oil  inventories  were  becoming  bur- 
densome in  1953  and  1954  while  demand  for  refined 
products  was  increasing.  In  1955,  however,  the  output 
of  this  less  valuable  residual  oil  was  reduced  as  refineries 
were  modernized  to  increase  the  output  of  gasoline  and 
other  higher  valued  products. 


Table  5. 


Twelve  California  fields  of  largest  production 
during  195  Jf.* 


1 .  Wilmington 

2.  Ventura 

3.  Huntington  Beach. ._ 

4.  Midway-Sunset  (including  fiuena  Vista)... 

5.  Coalinga,  East,  Extension 

6.  Cuyama,  South 

7.  San  Ardo- _ 

8.  Brea-Ohnda 

9.  Elk  HiUs 

10.  Cat  Canyon 

11.  Coalinga 

12.  Long  Beach 


Average 

number 

producing 

wells 


2,633 

979 

1,496 

4,303 

150 

231 

455 

570 

341 

348 

1,648 

1,158 


Production 

in  1954 
(thousands 
of  barrels) 


41.561 

29,798 

21,618 

21,319 

16,695 

12,764 

11,172 

8,348 

7,696 

7,406 

7,114 

7,071 


*  California  Div.  Oil  and  Gas  statistics. 

California  crude  oil  production  reached  an  all-time 
high  in  1953  when  it  exceeded  one  million  barrels  per 
day  or  a  total  of  367,292,000  barrels  for  the  entire  year 
(California  Division  of  Oil  and  Gas,  1953-55).  During 
1954,  production  dropped  to  357,704,000  barrels.  Ap- 
proximately 15,000  barrels  per  day  of  heavy  crude  pro- 
duction was  shut-in  in  California  during  1954  when 
residual  fuel  oil  inventories  were  becoming  high.  In  the 
latter  part  of  1955,  the  trend  of  production  began  to 
head  upward  again  as  shut-in  fields  were  reinstated.  By 
December  31,  1954,  oil  was  being  produced  in  California 
from  an  average  of  32,492  producing  wells  located  in 
approximately  175  oil  fields  (California  Division  of  Oil 
and  Gas,  1954).  To  the  end  of  1954,  the  cumulative  pro- 
duction of  crude  oil  in  California  amounted  to  10,108,- 
493,356  barrels.  California  ranks  second  to  Texas  in 
crude-oil  productive  capacity,  and  provides  about  15  per- 
cent of  the  nation 's  oil. 

PRICES 

The  average  value  of  California  crude  petroleum  at 
the  well  as  calculated  by  the  U.  S.  Bureau  of  Mines 
(White  and  Coumbe,  1953),  rose  from  $2.23  per  barrel 
in  1952  to  $2.49  per  barrel  in  1953,  and  the  total  value 


of  crude  produced  increased  from  $801,570,000  to  $9i 
060,000.  The  increase  in  total  value  was  the  result  of 
creased  production  and  higher  prices  per  barrel, 
changes  in  price  paid  for  crude  oil  were  made  duriiij 
1954,  but  new  price  adjustments  were  made  on  Octobe 
17,  1955.  According  to  the  Standard  Oil  Company  0 
California  Schedule  No.  132,  October  1955,  Californii, 
crude  oil  prices  per  barrel  (42  U.  S.  gallons)  at  the  we|i| 
ranged  from  $1.52  for  12  gravity  oil  to  $3.49  for 
gravity  oil. 


Figure  6.     Population  and  the  value  of  fuels  production  in 
California  since  190.'). 

RESERVES 

The  Committee  on  Petroleum  Reserves  of  the  Ameri 
can  Petroleum  Institute  estimated  the  proved  reserve: 
of  crude  oil  in  the  United  States  on  December  31,  1953 
to  be  29  billion  barrels.  These  estimates  include  only  oi 
recoverable  under  existing  economic  and  operationa 
conditions.  As  of  December  31,  1953,  Texas  had  52  per 
cent  of  the  total  estimated  reserves,  California  13  per 
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cent,  Louisiana  10  percent,  and  Oklahoma  6  percent,  or 
81  percent  for  the  four  states  combined.  The  33  major 
oil  fields  in  California  (fields  from  which  ultimate  pro- 
duction is  expected  to  reach  at  least  100  million  barrels) 
account  for  approximately  four-fifths  of  all  the  crude 
both  discovered  and  produced  to  date  in  California 
(Moody,  1954). 

Table  6.     Estimated  petroleum  reserves  (millions  of  barrels)  in 
six  leading  states  on  December  SI,  1949-53* 


State 

1949 

1950 

1951 

1952 

1953 

I.Texas 

13,510 

3,823 

1,910 

1,330 

692 

738 

13,582 

3,734 

2,185 

1,397 

841 

732 

15,315 

3,761 

2,285 

1,476 

973 

792 

14,916 
3,854 
2,558 
1,558 
1,065 
917 

14,999 
3.920 
2,760 
1,752 
1,279 
913 

2.  CALIFORNIA 

3.  Louisiana- 

4.  Oklahoma     _  _   , 

6.  Kansas    . . 

*  From  U.  S.  Bur.  Mines  Minerals  Yearbook,  1953.  Table  indicates  amount  of  crude  oil 
that  may  be  extracted  by  present  methods  from  fields  completely  developed  or  suffl- 
ciently  explored  to  permit  reasonably  accurate  calculations.  The  change  in  reserves 
during  any  year  represents  total  new  discoveries,  extensions,  and  revisions,  minus 
production.  Excludes  condensate. 

UTILIZATION 

Crude  oil  is  converted  into  a  vast  number  of  finished 
products  at  refineries  before  sale  to  ultimate  consumers. 
The  primary  use  of  petroleum  is  to  produce  energy  for 
power  or  heat,  and  for  lubricants.  The  products  of  re- 
fining and  their  chief  uses  are  shown  in  table  8.  Other 
miscellaneous  products  supplied  by  the  petroleum  in- 
dustry represent  only  a  small  percentage  of  the  crude  oil 
produced,  however,  they  are  a  vital  factor  in  the  national 
economy.  Most  significant  among  these  are  raw  materials 

Table  7.     Input  and  output  of  petroleum  products  at  refineries 
in  California,  during  1953,  in  thousands  of  barrels.^ 


381,954 
27,599 


409,553 


Input: 

Crude  petroleum 

Natural-gas  liquids 

Total  input 

Output; 

Gasoline 

Residual  fuel  oil 

Distillate  fuel  oil 

Still  gas' 

Asphalt'- 

Jet  fuel 

LP — gases 

Lubricating  oil 

Road  oil 

Coke'.. 

Kerosene 

Wax' 

Other  miscellaneous 

Other  unfinished  oils  (net) . 
Overage 

Total  output 


1  Preliminary  figures;  from  U.  S.  Bur.  Mines  Minerals  Yearbook,  1953. 
«  3,600  cu.  ft.  stiU  gas  =  1  bbl. 
'  5.5  bbls.  asphalt  =  1  short  ton. 
'  5.0  bbls.  coke  =  1  short  ton. 
'  280  pounds  wax  =  1  bbl. 

for  fertilizer  and  rubber  industries.  Sulfur  from  natural 
gas  and  refinery  gas  and  ammonia  from  petroleum 
helped  to  increase  the  nation's  fertilizer  supplies.  Most 
of  the  raw  material  for  the  synthetic  rubber  industry 
came  from  petroleum  refineries  and  petrochemical  plants. 
Petrochemical  products  from  both  crude  and  natural 
gas  include :  chemicals,  solvents,  plastics,  synthetic  fibers. 


162, 

134, 

55, 

13, 

11, 

5, 

4, 

4, 

2, 

2, 

2, 

1, 
9, 
1, 


1,926 
,784 
,821 
,869 
,256 
,012 
,828 
614 
,544 
,185 
,060 
342 
,926 
,078 
,692 


Table  8.     Petroleum  products  and  their  uses. 


Products 


Uses 


Gasoline Motor  fuel  (highway  and  aviation). 

Residual  fuel  oil Heavy    fuel    for    vessels,    gas    and    electric    companiei 

heating,  oil  companies,  military,  railroads. 

Distillate  fuel  oil Heating,  diesel  locomotive  fuel,  diesel  trucks. 

Kerosene Range  oil  (cooking,  water  heating,  small  space  heating)^ 

tractor  fuel,  lighting.  "' 

Jet  fuel Military  aviation. 

Lubricating     oil     and 

grease Automotive  and  industrial  purposes. 

Wax Waterproofing  containers  and  paper,  candles. 

Coke Carbon   anodes   for   electrolytic   refining   of   aluminun 

refinery  fuel,  domestic  furnace  fuel,  graphite  electrodei 

abrasives,  carbide  manufacture. 
Asphalt Road    paving,    roofing    material,    waterproofing,     pipflf,^ 

coatings,    moldings,    paints,   lacquers,   blending  witJ" 

rubber,  briquetting. 

Road  oil Roads. 

Still  gas Refinery  fuel. 

LP — gases Domestic  and  commercial  heating,  chemical  uses,  motol)| 

fuel,  synthetic  rubber  manufacture,  industrial  fuel. 

drugs,   detergents,   resins,   dyes,  explosives,  saccharin| 
carbon  black,  antiseptics  and  perfumes. 
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PHOSPHATES  * 

By  Charles  J.  Kundert 


Large  tonnages  of  phosphate  rock,  phosphorus,  and 
prepared  phosphate  fertilizers  are  brought  into  Califor- 
nia, but  no  eommereial  source  of  phosphate  has  been 
developed  within  the  state.  The  Permian  Phosphoria 
forniation  of  Idaho,  Montana,  Nevada,  Wyoming  and 
I  tall  is  the  source  of  the  phosphate  rock  and  phosphorus 
imported  into  California  where  it  is  processed  into  com- 
iiicreial  fertilizers  and  chemicals.  In  1954,  about  eight 
hundred  thousand  tons  of  commercial  fertilizers,  most 
if  which  contained  phosphorus,  were  consumed  in 
(  alifornia.  Apatite-rich  rocks  and  low  grade  phosphate- 
liearing  marine  sedimentary  rocks  occur  in  California, 
l)ut  are  not  of  present  commercial  interest. 

GEOLOGIC  OCCURRENCE 

Phosphorus,    the    eleventh    most    abundant    element 
present  in  the  earth's  crust,  has  been  involved  in  a  com- 
plex geologic  cycle,  several  stages  of  which  are  repre- 
sented by  commercial   deposits  of  phosphates    (Black- 
u  elder,  1916,  pp.  285-298).  This  cycle  is  started  when 
liosphorus  of  magmatic  origin  enters  into  the  composi- 
><<n    of    igneous     rock    minerals,    principally    apatite 
('a.-;(Cl,F)    (P04),s].  In  a  few  deposits,  apatite  occurs 
ill  sufficient  concentrations  and  quantity  to  be  economic 
sources  of  phosphate.  Apatite  is  currently  being  mined 
ill  Russia,  Brazil,  Chile,  Sweden,  and  India. 

The  cycle  is  continued  when  phosphorus,  leached  from 
iiystalline  rock,  enters  the  soil  as  phosphoric  acid.  Much 
->f  this  phosphoric  acid  is  absorbed  by  plants  and  in 
mrn  by  animals.  Some  animals,  notably  bats,  sea  fowl, 
and  seals,   contribute   to   guano   deposits,   which   are   a 
source  of  phosphate.  Ultimately  most  of  the  phosphorus 
•aches  the  sea  and  is  deposited  in  marine  sediments. 
I  urine  organic  agencies  undoubtedly  play  a  part,  but 
irect  chemical  precipitation  of   phosphate  also  takes 
lace  (Emery  and  Dietz,  1950,  pp.  13-15).  Marine  beds, 
ranging  from  slightly  phosphatic  marls  and  limestone  to 
pliosphate  rock  containing  as  much  as  90  percent  tri- 
•alcium  phosphate,  have  been  deposited  over  large  areas. 
.V  deposit  of  this  type  is'  represented  by  the  Permian 
I'hosphoria  formation  which  is  exposed   in  portions  of 
Itah,  "Wyoming,  Idaho,  Nevada  and  Montana. 
Phosphate  rock  is  composed  almost  entirely  of  a  car- 
'  mated   calcium   phosphate   called   collophane.    Rogers 
'intends   (Rogers,  1944,  p.  417)   that  collophane  is  an 
iiiiorphous  mineraloid  of  fairlv  definite  composition;  but 
iM-ondel  believes  (Frondel,  1943,  pp.  215-232)  that  collo- 
pliane  is  actually  a  submicrocrystalline  variety  of  apa- 
tite.  Phosphate   rock   that   contains   a   sufficiently  high 
percentage  of  tri-calcium  phosphate  may  be  a  commercial 
source  of  phosphate  if  it  is  accessible  and  easily  worked. 
.Vt  present,  phosphate  rock  containing  over  60  percent 
ni-ealcium  phosphate  is  generally  considered  to  be  of 
>  ommercial  interest. 

Under  humid  weathering  conditions,  calcium  carbon- 
ate is  removed  in  solution  from  low-grade   phosphatic 
limestones,  and  residual  deposits  of  phosphate  rock  accu- 
uilate.  The  Florida  deposits,  from  which  about  three- 

*  Partly  extracted  from  a  section  by  Lewis  T.   Braun  in  California 
Div.  Mines  Bull.  156. 


Troctr      Inctnd'ofitt 
Bullttt  ^  Smolit  Seraena 


Organic^ I       pnos 

Synthttis^  \CHLORiC 


Prtormoettinca:s 


Conditioning 


Figure  1.  Uses  of  products  derived  from  phosphorus.  After 
Waggaman  (1952,  p.  159).  Piihlished  by  permission  of  Reinhold 
Publishing  Co. 

fourths  of  the  United  States  production  and  one-third 
of  the  world  production  are  derived,  are  examples  of 
residual  deposits  which  are  in  part  redeposited. 

Surface  waters  may  leach  phosphate  accumulations 
and  redeposit  the  phosphate  at  lower  levels,  enriching 
pre-existing  deposits  or  forming  new  ones.  The  guano 
deposits  of  the  Pacific  Islands  have  been  leached  in  this 
manner,  and  commercial  phosphate  deposits  have  been 
formed  in  underlying  coral  limestone.  To  complete  the 
phosphate  cj-cle,  marine  beds  may  be  metamorphosed  to 
again  form  crystalline  apatite. 

Phosphate  rock  is  difficult  to  distinguish  in  the  field, 
but  the  following  test  is  reliable.  Place  a  crystal  of  am- 
monium molybdate  on  the  rock  and  add  a  drop  of  nitric 
acid;  a  yellow  precipitate  will  form  if  the  rock  is 
phosphatic. 

The  western  phosphate  field,  which  includes  outcrops 
of  phosphate-bearing  rocks  in  an  area  of  about  100,000 
square  miles  in  parts  of  Idaho,  Montana,  Nevada,  Utah, 
and  Wyoming,  is  the  source  of  the  phosphate  rock  that 
is  processed  and  consumed  in  California.  Reserves  of 
mineable  high-grade  rock  (31.5  percent  PoO.^;)  in  this 
area  have  been  estimated  at  7,985,000,000  long  tons 
(Waggaman,  1952,  p.  84). 

The  phosphate  shale  member  of  the  Permian  Phos- 
phoria formation  contains  the  mineable  phosphate  beds. 
It  is  about  75  to  150  feet  thick,  and  consists  of  yellow 
to  brown  phosphatic  sandstones,  dark  broM'n  to  black 
phosphatic  shales,  brown  to  black  limestone  beds  and 
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one  to  three  beds  of  gray,  brown  oolitic  phosphate 
rock.  The  richest  beds  of  phosphate  rock  range  from  3 
to  7  feet  in  thickness  and  contain  from  26  to  36  per- 
cent P2O5  (Ruhlman,  1955,  p.  3). 

Being  a  true  bedded  sedimentary  deposit  analogous  to 
coal,  the  Phosphoria  formation  is  of  uniform  thickness 
and  quality  over  wide  areas  (Mansfield,  1927,  p.  214). 
It  has  been  widely  exploited  by  both  surface  and  un- 
derground mining  methods  in  Idaho,  Montana,  Utah, 
and  "Wyoming.  In  1954,  about  900,000  long  tons  of  phos- 
phate rock  were  yielded  by  mines  in  Idaho,  and  about 
700,000  long  tons  were  yielded  by  mines  in  Montana, 
Utah  and  "Wyoming  (Ruhlman,  1955,  p.  3).  Most  of  the 
mined  rock  is  of  commercial  grade.  However,  two  com- 
panies in  1954  were  beneficiating  part  of  their  phosphate 
rock  production  (Ruhlman,  1955,  p.  4). 

In  1953,  the  following  companies  were  producing 
phosphate  rock  from  the  western  phosphate  field  (Ruhl- 
man, E.  Robert,  1955,  p.  7)  : 


Location  of  mines 

Type  of  mine 

Company 

Under- 
ground 

Open 
pit 

Anaconda  Copper  Mining  Com- 

Conda,  Idaho  _              . 

X 

X 
X 

X 

X 

X 

Thistle,  Utah   _  _      ..... 

Monsanto  Chemical  Company,. 
Montana    Phosphate    Prviducts 
Company 

Soda  Springs,  Idaho 

Garrison,  Montana 

Garrison,  Montana 

X 

George  Relyea 

San  Francisco  Chemical  Com- 
pany  

J.  R.  Simplot  Co 

X 

Leefe,  Wyoming 

Woodruff,  Utah 

Fort  HaU,  Idaho 

Randolph,  Utah.     _ 

X 
X 

X 

Victor  Chemical  Works 

Melrose,  Montana 

X 

LOCALITIES   IN  CALIFORNIA 

Phosphates  have  not  been  recovered  on  a  commercial 
basis  in  California,  and  no  deposits  of  proved  commer- 
cial value  have  been  discovered.  At  some  localities,  nota- 
bly in  the  western  San  Gabriel  Mountains,  igneous  rocks 
are  unusually  rich  in  apatite.  A  computed  average  of 
five  titanomagnetite  rocks  from  the  San  Gabriel  Moun- 
tains showed  a  composition  containing  six  percent  apa- 
tite (Oakeshott,  1949,  p.  1942).  Nodules  and  pellets  of 
coUophane  are  found  in  the  Cenozoic  marine  sedimentary 
rocks  of  California.  The  presence  of  these  nodules,  to- 
gether with  the  fact  that  phosphatic  nodules  have  con- 
tinued to  form  off  the  coast  of  California,  suggest  that 
commercial  deposits  may  be  found  in  the  Cenozoic  ma- 
rine sedimentary  rocks  of  the  state. 

At  Carmel  "Valley,  Monterey  County  (Rogers,  1944), 
phosphate-bearing  strata  occur  as  two  poorly  defined 
beds  in  Miocene  shale.  These  beds,  about  half  a  mile 
apart,  range  from  6  inches  to  1  foot  in  thickness,  and 
are  composed  of  pellets  which  are  possibly  micro-copro- 
lites. 

In  the  Palos  "Verdes  Hills  phosphatic  shale  and  nod- 
ules occur  in  the  Altamira  shale,  "Valmonte  diatomite, 
and  Malaga  mudstone  members  of  the  Monterey  forma- 
tion. Phosphatic  shale  is  the  characteristic  lithologie 
type  of  the  upper  Altamira  shale  member.  Limy  phos- 
phatic nodules,  presumably  derived  from  the  Monterey 


formation,  are  present  in  the  lower  Pleistocene  Lomita 
marl  (Woodring,  Bramlette,  and  Kew,  1946,  pp.  16,  34, 
37,  50). 

Cellophane   oolites  or  pellets  occur  in  the  Mioeen^i 
sedimentary  rocks  of  the  state,  particularly  in  the  Mon-I] 
terey  formation.  They  have  been  used  for  correlatioQi' 
purposes   by   petroleum   geologists.    CoUophane   pelletsl 
have  been  reported  from  the  southern  San  Joaquin  "Val-; 
ley   (Galliher,  1931,  p.  258),  Los  Angeles  and  Orange 
Counties  (Emery  and  Dietz,  1950,  pp.  11-12),  Santa  Bar- 
bara and  Monterey  Counties   (Galliher,  1931,  p.  266), 
and  San  Luis  Obispo  County  (Rogers,  1944,  p.  419).  A 
small  deposit  of  phosphate  rock  was  found  in  Pleistocene 
sediments  near  Big  Pine,  Inyo  County   (Tucker,  1926, 
p.  520),  and  minor  occurrences  have  been  noted  in  San 
Diego    (Merrill,   1916,   p.   717)    and  "Ventura   Counties 
(Tucker,  1925,  p.  242). 

UTILIZATION   AND  MARKETS 

A  small  amount  of  phosphorus  is  essential  to  the  nor- 
mal growth  of  most  plants.  Because  many  soils  are  lack- 
ing phosphorus,  or  contain  "fixed"  phosphorus  com- 
pounds unavailable  to  plants,  phosphatic  fertilizers  are 
added  to  the  soil.  Recorded  historical  use  of  phosphatic 
materials  as  fertilizers  dates  back  to  about  200  years 
B.C.  In  1954,  about  60  percent  of  the  domestic  produc- 
tion of  approximately  14  million  long  tons  of  phosphate 
rock  was  used  in  agricultural  fertilizers.  About  25  per- 
cent was  used  in  making  elemental  phosphorus  and 
phosphoric  acid  from  which  organic  and  inorganic  chem- 
icals are  derived.  These  chemicals  are  utilized  in  leaven- 
ing agents,  water  softening  products,  soaps  and  deter- 
gents, plasticizers,  and  insecticides  and  other  uses. 
Elemental  phosphorus  is  used  in  making  military  smoke 
screen  bombs  and  shells,  incendiary  bombs,  pesticides, 
and  phosphorus  alloys.  Phosphoric  acid  is  used  in  the 
production  of  fertilizers,  stock  and  poultry  feed,  bev- 
erages, ceramics,  as  a  catalyst  and  oil  refining  agent, 
in  photography,  and  in  dental  and  silicate  cements.  It 
has  been  used  as  a  substitute  for  sulfuric  acid  in  certain 
industrial  processes.  The  remaining  15  percent  of  domes- 
tic production  of  phosphorus  Tock  was  exported,  largely 
for  use  in  fertilizers. 

In  1954  about  eight  hundred  thousand  tons  of  com- 
mercial fertilizers  were  consumed  in  California.  Most 
commercial  fertilizers  contain  some  form  of  phosphate. 
Ground  phosphate  rock  is  sometimes  added  directly  to 
the  soil,  but  because  it  is  relatively  insoluble,  the  bene- 
ficial effects  are  not  immediately  apparent.  Therefore, 
phosphate  rock  is  usually  converted  to  water-soluble 
calcium  acid  phosphate  (CaH4P204)  before  it  is  com- 
pounded into  fertilizer. 

The  following  descriptions  of  three  methods  of  proc- 
essing phosphate  rock  to  obtain  products  suitable  for 
fertilizer  and  industrial  purposes  are  quoted  from  Ruhl- 
man (1955,  pp.  6-8)  : 

"1.  In  the  acid  treatment,  phosphate  rock  is  mixed  with  sul- 
furic, phosphoric,  or  nitric  acid  or  a  combination  of  the  three. 

Decomposing  phosphate  rock  with  sulfuric  acid  produces  either 
ordinary  super  phosphate  or  phosphoric  acid.  When  ordinary  super 
pliosphate  is  wanted,  enough  sulphuric  acid  is  added  to  high-grade 
phosphate  rock  to  convert  the  phosphate  into  water-soluble  or 
available  monocalcium  phosphate.  Calcium  sulfate  is  also  pro- 
duced but  is  not  separated  from  the  mixture,  which  seldom  con- 
tains over  20  percent  available  PaOs.  To  produce  phosphoric  acid, 
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Figure  2.     Flow  sheet  showing  production  of  ammoniated  superphosphate  by  the  acid  process.  Modified  after  Olive  and  Slireve  (lO-iTJ. 

Puhlished  by  permission  of  McOratc-Hill  Book  Co.,  Inc. 

additional  sulfuric  acid  is  added,  and  the  phosphoric  acid  is  iiltcred 
from  the  insoluble  calcium  sulfate. 

Acidulating  phosphate  rock  with  phosphoric  acid  produces  tri- 
ple superphosphate.  Also,  phosphoric  acid  may  be  combined  with 
potash  and/or  ammonia  to  produce  highly  concentrated  fertilizer 
salts,  such  as  ammonium  phosphates  and  potassium  phos- 
phates. .  .  . 

"Using  nitric  acid  or  a  combination  of  nitric  and  another  acid 
for  acidulation  of  phosphate  rock  has  not  been  used  extensively 
in  the  United  States.  The  resulting  product,  because  of  the  hygro- 
scopic calcium  nitrate  content,  must  be  further  treated,  usually 
by  ammoniation  to  produce  a  suitable  fertilizer  product.  Further 
use  of  nitric  acid  processes  will  depend  on  the  availability  and  cost 
of  nitric  and  sulfuric  acids. 

"2.  The  thermal  reduction  method  is  based  on  the  smelting  of 
phosphate  rock  with  carbon  (coke)  and  a  siliceous  flu.x  in  electric 
or  blast  furnaces.  The  products  are  elemental  phosphorus,  ferro- 
phosphorus,  carbon  monoxide,  and  calcium  silicate.  The  phosphorus 
is  volatilized,  condensed,  and  collected  under  water  as  a  heavy 
liquid.  The  calcium  silicate  is  tapped  from  the  furnace  as  a  molten 
slag.  Small  quantities  of  ferrophosphorus,  produced  from  the  iron 
in  the  phosphate  rock,  are  tapped  from  the  furnace  and  marketed 
as  a  byproduct. 


"Phosphoric  acid  is  producd  by  burning  phosphorus  and  hydrat- 
ing  the  PsOs  produced.  The  phosphoric  acid  may  be  converted  into 
various  fertilizer  or  industrial  phosphorus  compounds.  Calcium 
metaphosphate  is  produced  by  burning  elemental  phosphorus  in  a 
chamber  into  which  pulverized  phosphate  rock  is  blown.  The  phos- 
phate rock  and  P2O5  react  to  yield  molten  calcium  metaphosphate, 
which  is  tapped  and  cooled  to  form  a  glassy  solid. 

"3.  There  are  three  variations  of  thermal  treatment  without 
reduction.  These  are:  (a)  Heating  phosphate  rock  with  an  alkali 
salt  (for  example  NajCOs)  with  or  without  substantial  defluorina- 
tion; (b)  heating  phosphate  rock  in  the  presence  of  water  vapor 
to  defluorinate  the  rock  as  completely  as  possible;  and  (c)  fusion 
of  phosphate  rock  mixed  with  magnesium  silicate  (serpentine  or 
olivine).  Following  grinding  these  products  do  not  receive  further 
treatment.  .  .  ." 

In  1955  four  concerns  in  California  were  using  the 
acid  treatment  method  to  produce  phosphatic  products. 
The  Best  Fertilizer  Company  at  Lathrop  acidulates 
phosphate  rock  to  produce  phosphoric  acid,  ammonium 
phosphate  and  other  mixed  fertilizers.  The  Chemvirgic 
Corporation  at  Fresno  produces  mixed  fertilizers  from 
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Figure  3.     Flow  sheet  showing  production  of  phosphoric  acid  by  the  Dorr   strong-acid    process.    Modified    after    Olive    and    Shreve    (lO-lt). 
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acidulated  phosphate  rock.  Stauffer  Chemical  Corpora- 
tion operates  plants  at  Richmond  and  Vernon  which 
manufacture  water  soluble  phosphate  (superphosphate). 
Western  States  Chemical  Corporation  at  Nichols  acidu- 
lates phosphate  rock  to  produce  phosphoric  acid  as  well 
as  ammonium  phosphate  and  other  mixed  fertilizers.  In 
the  past  Mountain  Copper  Company,  Ltd.,  made  super- 
phosphate at  its  plant  in  Martinez. 

In  1955,  two  California  concerns  were  making  phos- 
phate products  from  elemental  phosphorus  produced  by 
the  thermal  reduction  method.  One  of  these,  the  West- 
vaco  Chemical  Division  of  Pood  Machinery  and  Chemical 


Corporation  at  Newark,  was  producing  phosphate  chem- 
icals, principally  complex  sodium  phosphates,  from  ele- 
mental phosphorus  which  had  been  produced  by  an  elec- 
tric furnace  at  its  plant  in  Pocatello,  Idaho.  The  Mon- 
santo Chemical  Company  at  Long  Beach,  in  1955,  was 
producing  phosphate  chemicals  and  fertilizers  from  ele- 
mental phosphorus.  The  elemental  phosphorus  is  shipped 
from  Soda  Springs,  Idaho,  where  it  is  made  by  the 
electric  furnace  method  from  low-grade  phosphatic 
shale. 

The  thermal  treatment  without  reduction  method  was 
used   in  the  late   1940 's  by  Permanente   Metals   Cor- 


Coke      Sand 


PHOSPHORIC  ACID  (BLAST  FURNACE  PROCESS) 
Phosphorus  vapor  Air  compressor 


''     ?;Briquet 
I  ^press  J 


Binder 
Phosphate 
rock 


Cottrell       * 
precipitotorf'i 


T 

Slag 


Hot  blast  stoves 

Hot  air    ^ 


Ferrophosphorus 


Steam  boiler 
P2O5  *■  Gases 


^Fan 


Hydrator 


90%H3P04 
Storage 


PHOSPHORIC  ACID  (ELECTRIC  FURNACE  PROCESS) 

Water  spray  ^^^ 


Phosphate  rock 
Sand 


.Electric  j 

I   I  I  I  furnace         |  ■ 

I    1 1  1 1  >*     Hydrator-^  3^=5?^ 


Coke  breeze 
Iron  slugs 


y  Water  ,, 
spray 


85% 


Cottrell 
precipitator 

y  Sand 

filter-' 

Purification 

^HzS 


Water 


\wat 


H3PO4 
Storage 
50,75% 


Ferrophosphorus 


Figure  5.     Flow  sheets  showing  the  production  of  phosphoric  acid  by  the   thermal   reduction   method.  Modified  after  Olive  and  Slircve 
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loration  at  Permanente.  The  resulting  product  was 
omposed  of  fused  western  phosphate  rock  and  Cali- 
ornia  serpentine. 

Although  the  prices  for  phosphate  rock  are  not  quoted 
a  trade  journals,  the  phosphate  rock  mined  in  Montana, 
Jtah,  and  Wyoming  during  1953  is  said  to  have  been 
alued  at  an  average  price  of  $7.06  per  long  ton, 
rushed,  f.o.b.  mine  (Ruhlman,  E.  R.,  1955,  p.  9).  This 
ock  averaged  about  32  percent  P2O5  which  is  equivalent 
0  about  70  percent  tri-calcium  phosphate.  The  high- 
rade  phosphate  rock  produced  in  Idaho  probably  was 
alued  comparably.  In  1955,  the  phosphate  rock  freight 
ate  from  Port  Hall,  Idaho,  to  both  Los  Angeles  and 
Ian  Francisco  was  $7.33  per  long  ton  in  40-ton  lots.  No 
eady  market  exists  for  the  known  phosphatic  rocks  of 
California,  as  they  are  of  lower  grade  and  in  much 
mailer  deposits  than  those  of  the  western  field. 
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PLATINUM  AND  ALLIED  METALS  * 


By  William  B.  Clark 


For  many  years  an  annual  production  of  a  few  hun- 
dred ounces  of  platinum  and  allied  metals  has  been 
obtained  as  a  by-product  of  placer  gold  operations  in 
( 'alifornia.  Since  1850,  more  than  25,000  ounces  of  these 
iiit'tals  have  been  produced  in  the  state.  About  three- 
quarters  of  this  output  has  been  obtained  since  1900, 
when  recovery  was  encouraged  by  increased  prices. 

California  has  consistently  led  the  other  states  in  the 
liroduction  of  platinum  and  allied  metals,  although 
Alaska  is  now 'the  chief  domestic  source.  Domestic 
sources  are  limited  and  have  supplied  only  a  small  part 
of  the  nation's  annual  requirements.  These  metals  have 
many  strategic  uses,  and  their  consumption  in  non- 
essential industries  was  curtailed  during  World  War  II. 

Mineralogy  and  Geologic  Occurrences.  Platinum  is 
one  of  a  group  of  six  related  precious  metals.  The  others 
;ire  ruthenium,  rhodium,  palladium,  osmium,  and  irid- 
ium. All  have  specific  gravities  in  the  range  of  14  to  22 
and  high  melting  points.  So-called  crude  platinum  is 
rommonly  an  alloy  of  two  or  more  metals  of  this  group. 
I'latinum  specimens  commonly  contain  5  to  15  percent 
iron  and  are  slightly  magnetic.  In  a  finely  divided  state, 
iilatinum  is  able  to  absorb  large  quantities  of  hydrogen 
and  other  gases. 

Platinum  is  white  with  grayish  tinge.  When  pure, 
it  is  very  malleable  and  ductile  and  takes  a  very  high 
permanent  polish.  It  occurs  as  smooth  thin  flakes, 
iDunded  grains,  irregular  lumps,  and  occasionally  as 
nuggets.  Platinum  belongs  to  the  isometric  system,  and 
•ubic  crystals  of  platinum  have  been  found,  but  are 
•xceedingly  rare.  Platinum  also  occurs  in  the  minerals 
^perrylite  (PtAsa)  and  cooperite  (Pt(As,S)2).  How- 
'ver,  these  minerals  have  not  been  found  in  California. 

The  other  members  of  the  group  have  physical  prop- 
erties similar  to  those  of  platinum,  although  some  are 
harder  and  more  brittle  and  have  higher  melting  points. 
( Ismium  and  iridium  are  most  useful  as  alloying  agents 
\vith  platinum  as  they  give  it  the  hardness  necessary  for 
many  technical  applications.  Osmiridium  or  iridosmine 
are  names  applied  to  the  alloy  of  osmium  and  iridium 
which  occurs  naturally  in  hexagonal  crystals  or  flat- 
tened grains. 

Platinum  and  allied  metals  are  widely  distributed 
throughout  the  world,  but  only  in  a  few  areas  are  they 
recovered  commercially.  Platinum  occurs  in  extremely 
small  proportions  in  basic  or  ultrabasic  igneous  rocks 
such  as  dunite,  pyroxenite,  serpentine,  and  norite.  The 
erosion  of  such  magmatic  concentrations  has  provided 
the  placer  deposits  which  have  in  the  past  yielded  much 
of  the  world's  production  of  platinum  metal.  Placer 
deposits  in  the  Ural  Mountains  of  Russia  have  been  by 
far  the  most  productive.  The  massive  nickel-eopper  sul- 
fide bodies  at  Sudbury,  Canada,  the  Bushveldt  complex, 
South  Africa,  and  placer  deposits  of  Colombia  also  are 
major  sources  of  platinum. 

Localities  in  California.  The  primary  source  of  most 
of  the  platinum  metal  in  the  placer  deposits  of  Califor- 
nia is  believed  to  have  been  in  serpentine  and  related 


•  Partly   extracted    from    an   article   by   C.    A.    Logan    in    California 
Div.  Mines  Bull.  156. 


basic  and  ultrabasic  igneous  rocks.  No  primary  deposits 
of  platinum  ore  have  been  found  in  the  state. 

The  placer  deposits  that  have  yielded  most  of  the 
platinum  produced  in  California  are  confined  largely  to 
two  areas:  (1)  a  belt  in  northwestern  California  embrac- 
ing portions  of  Del  Norte,  Siskiyou,  Humboldt,  Trinity, 
and  Shasta  Counties;  (2)  a  180-mile  belt  paralleling  the 
western  Sierran  foothills  extending  from  Merced  County 
northwest  to  Butte  County.  Production  of  platinum 
metals  has  come  largely  from  connected-bucket  dredges 
(see  chapter  on  gold  in  this  volume)  and  a  few  of  the 
larger  hydraulic  mines. 

In  nearly  all  of  the  placer  deposits  in  the  state  the 
proportion  of  platinum  metals  to  gold  is  small.  This  pro- 
portion, as  indicated  by  dredge  recovery,  ranges  from 
^  to  1  ounce  of  platinum  metal  for  every  50  ounces  of 
gold.  The  placers  of  the  American  River,  which  drains 
large  areas  of  serpentine  and  related  rocks,  have  yielded 
the  highest  proportion  of  platinum  to  gold.  Platinum 
metals  recovered  along  the  American  River  contain  37 
to  46  percent  platinum  and  16  to  35  percent  iridium. 
On  the  Yuba  River,  platinum  metals  contain  60  to  69 
percent  platinum  and  15  to  19  percent  osmiridium. 

Platinum  metals  obtained  from  the  Trinity  River 
generally  contain  more  iridium  and  osmium  than  plat- 
inum. The  largest  nuggets  of  platinum  metals  yet  found 
in  California,  some  of  which  weighed  an  ounce  or  more, 
were  obtained  from  hydraulic  mines  near  Junction  City, 
Trinity  County. 

Mining  Methods  and  Treatment.  Placer  platinum  is 
recovered  by  mechanical  means.  In  California  gold- 
dredging  operations,  the  gold  first  is  removed  from  the 
black  sand  concentrate.  The  concentrate  is  then  treated 
by  jigging,  tabling,  and  finally  hand  panning  to  yield 
a  platinum  concentrate.  Platinum-group  metals  which 
occur  in  sulfide  ores,  such  as  those  from  Sudbury,  Can- 
ada, are  recovered  in  the  muds  from  electrolytic  cells 
used  in  copper,  gold,  and  silver  refining.  These  muds  are 
usually  melted  to  form  an  impure  platinum  sponge. 

At  the  refinery,  platinum  is  recovered  by  chemical 
means.  Dredge  concentrates,  platinum  sponge,  sweeps, 
and  scrap  metal  are  dissolved  in  aqua  regia.  The  solution 
is  filtered,  leaving  an  insoluble  residue  containing  os- 
mium, iridium,  and  other  platinum  metals,  which  are 
further  refined  by  chemical  means.  Ammonium  chloride 
is  added  to  the  solution  and  platinum  chloride  precipi- 
tates out.  This  precipitate  is  calcined,  and  the  resulting 
residue,  known  as  "platinum  moss,"  is  cleaned  and 
melted  into  bullion.  Much  of  the  refined  platinum  is 
marketed  in  rolled  sheets  or  as  wire.  Platinum  that  is 
used  as  a  catalyst  in  the  chemical  or  petroleum  industry 
is  marketed  as  a  powder  or  in  small  pellets. 

History  and  Production.  In  the  early  days  of  placer 
gold  mining  in  California,  most  of  the  platinum  was  dis- 
carded because,  if  salable  at  all,  it  brought  only  a  few 
dollars  an  ounce.  The  price  of  $4  to  $6  per  ounce  per- 
sisted until  1902,  when  it  began  to  rise,  reaching  $48  per 
ounce  in  1913.  The  price  continued  to  rise  during  World 
War  I  when  the  supply  from  Russia  was  interrupted, 
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and  an  all-time  high  of  $154.23  per  fine  ounce  was 
realized  in  1920.  Since  "World  War  I,  prices  have  fluc- 
tuated greatly  but  have  had  little  effect  on  production, 
as  all  platinum  metals  produced  are  by-products. 

Production  of  platinum  metals  in  California  increased 
during  the  period  1936-41  because  of  increased  gold 
dredging.  The  peak  production  was  reached  in  1940 
when  1,358  fine  ounces  were  produced  in  the  state.  Pro- 
duction decreased  greatly  during  World  War  II  because 
of  curtailment  of  gold  dredging.  Also  there  was  less 
incentive  to  save  the  platinum  metals  because  of  govern- 
ment control  of  prices  during  the  war.  Immediately  after 
World  War  II,  platinum  production  increased  with  an 
increase  in  gold  dredging.  However,  since  1948,  it  has 
followed  the  general  decline  of  gold  placer  operations 
in  California. 

Utilization.  Platinum  and  allied  metals  are  used  for 
jewelry,  in  the  chemical  and  electrical  industries,  in 
dentistry,  and  for  many  other  purposes.  Nationally  in 
1955,  the  chemical  industry  was  the  largest  user  of  plati- 
num, iridium,  osmium,  rhodium,  and  ruthenium.  The 
electrical  industry,  however,  was  the  principal  user  of 
palladium.  In  California  the  electrical  industry  is  the 
principal  consumer  of  the  platinum  group  minerals,  and 
the  chemical  industry  provides  the  second  largest  mar- 
ket. The  jewelry  industry  probably  consumes  about  10 
percent  of  the  platinum  group  minerals  marketed  in 
California. 

In  the  chemical  industry,  the  ability  of  these  metals  to 
absorb  large  quantities  of  gases  renders  them  as  valuable 
catalysts.  Catalytic  uses  include  the  manufacture  of 
nitric  and  sulfuric  acids,  hydroxylation,  and  in  the  pro- 
duction of  high-octane  gasoline  from  low-grade  or 
natural  gasoline.  Because  of  their  great  resistance  to 
corrosion,  oxidation,  and  acids,  the  metals  are  widely 
used  in  laboratory  equipment  and  as  insoluble  anodes 
in  electroplating. 

In  the  electrical  industry,  alloys  of  the  platinum 
metals  are  used  in  the  manufacture  of  spark  plug  elec- 
trodes, resistors,  fuses,  and  contacts  for  relays,  mag- 
netos, and  voltage  regulators.  In  dentistry,  platinum  or 
palladium  is  alloyed  with  gold  to  form  a  dental  metal 
that  resists  tarnish,  is  strong,  and  responds  to  age- 
hardening  treatment. 

In  jewelry,  various  alloys  of  the  platinum  metals  are 
used  in  the  manufacture  of  rings,  pins,  and  watches. 
Platinum  also  is  a  constituent  of  salts  used  in  photogra- 
phy, and  is  used  as  a  coloring  matter  in  ceramics. 

Markets.  Although  relatively  small  amounts  of  plat- 
inum metals  are  produced  in  California,  large  quantities 
of  the  refined  metals  are  consumed  in  the  state.  Crude 
platinum,  both  domestic  and  foreign,  is  usually  sold  in 
lots  directly  to  the  refiners.  California  dredging  com- 


panies u.sually  sell  one  or  two  year's  production  in  one 
lot  to  the  highest  bidder.  The  principal  platinum  refiners 
in  the  United  States  are  in  New  Jersey  and  Pennsyl- 
vania. There  are  refiners  in  San  Francisco  and  Los  An- 
geles. At  present,  Canada  is  the  principal  source  of  im- 
ported platinum.  Substantial  amounts  also  are  imported 
from  the  Netherlands  and  the  United  Kingdom.  A  con- 
siderable amount  of  the  metals  is  recovered  from  scrap 
and  sweeps.  The  refined  metal  thus  obtained  is  sold  by 
refiners  directly  to  jewelry  manufacturers,  the  electrical 
and  chemical  industries,  and  dental  supply  houses.  Tlie 
total  amount  of  platinum  consumed  annually  in  Califor- 
nia is  difficult  to  determine  as  statistical  control  cannot 
easily  be  established  in  the  marketing  chain,  but  this 
consumption  probably  is  measurable  in  tens  of  thousands 
of  ounces.  In  December,  1955,  the  quoted  prices  of  the 
metals  were  as  follows :  platinum,  per  ounce  troy,  $104.00 ; 
iridium,  per  ounce  troy,  $110.00;  rhodium,  per  ounce 
troy,  $125.00 ;  palladium,  per  ounce  troy,  $24.00 ;  ruthen- 
ium, per  ounce  troy,  $55.00 ;  and  osmium,  per  ounce  troy, 
$100.00. 

In  1955  clean  scrap  platinum  was  being  sold  to  refinors 
in  California  for  $70  per  ounce  and  newly  refined  plat- 
inum was  being  marketed  in  the  range  of  $83.00  lu 
$87.00.  The  difference  in  price  between  the  scrap  ainl 
newly  refined  material  included  the  cost  of  refining  ami 
sales  profit.  In  general,  the  refineries  will  consider  tli>' 
purchase  of  platinum-bearing  ores  or  concentrates  in 
which  the  platinum  content  per  pound  of  material  is. 
valued  at  one  dollar  or  more. 
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PUMICE,  PUMICITE,  PERLITE,  AND  VOLCANIC  CINDERS 

By  Charles  W.  Chestebman 


The  commercial  production  of  pumice  and  pumicite 
in  California  began  in  1909,  and  by  1955  had  risen  to 
in  annual  total  of  88,825  short  tons  valued  at  $416,309, 
the  second  highest  output  among  the  states.  Expanded 
perlite  was  first  produced  in  California  in  1945,  and  has 
been  obtained  in  large  tonnages  since  the  late  1940 's. 
The  mining  of  volcanic  cinders  in  California  started 
ibout  1916,  and  by  1955  the  annual  production  of  vol- 
canic cinders  had  risen  to  708,481  short  tons  valued  at 
$683,151.  Pumice,"  volcanic  cinders  and  expanded  perlite 
tiave  many  uses,  especially  as  lightweight  aggregates. 
Expanded  perlite  also  is  employed  in  the  chemical  and 
Jther  industries.  Pumicite  is  used  principally  as  a  carrier 
in  pesticides  and  insecticides  for  agricultural  sprays. 
The  tremendous  growth  of  population  and  industry  in 
California  since  the  close  of  World  War  II  has  brought 
1  marked  increase  in  the  use  of  these  materials. 

GENERAL   GEOLOGY 

Pumice,  pumicite,  and  perlite  are  volcanic  glasses 
formed  during  the  rapid  chilling  of  granitic  to  inter- 
mediate magmas.  They  commonly  occur  together  and 
exist  in  California  in  regions  of  Tertiary  and  Recent 
ralcanism  which  cover  extensive  parts  of  the  state.  The 
pumice,  pumicite,  and  perlite  deposits  that  exist  today 
are  relatively  recent  in  age  because,  with  advancing 
time,  the  glassy  rocks  devitrify  and  most  surficial  de- 
posits are  eroded  away.  The  distinction  between  pumice 
and  pumicite  is  one  of  particle  size  rather  than  structure 
and  composition. 

Pumice  is  a  pumiceous  glass  that  occurs  in  fragments 
ranging  in  size  from  about  |-inch  to  large  masses  as 
much  as  10  feet  across.  The  cells  in  pumice  are  spherical, 
tubular,  or  irregular  in  shape.  They  range  in  maximum 
dimension  from  a  very  small  fraction  of  an  inch  to  as 
much  as  several  inches.  Most  pumice  is  pale  gray  to 
white  in  color.  Crystals  of  quartz,  feldspar,  biotite  and 
hornblende  locally  are  present  as  phenocrysts. 

Pumicite,  also  known  as  volcanic  ash,  consists  of  finely 
«l  divided  glass  particles  less  than  |-inch  in  diameter. 
These  are  blown  from  volcanoes,  and  during  air  trans- 
port the  particles  are  crudely  to  moderately  well  classi- 
fied to  form  deposits  containing  fragments  of  rather 
uniform  size.  Pumicite  ranges  in  color  from  white  to  red. 

Pumice  rarely  forms  separate  rock  masses,  but  gen- 
erally occurs  in  fragments  admixed  with  mineral  grains 
and  other  rock  fragments  in  varying  proportions.  Masses 
of  pure  pumice,  however,  are  found  as  tops  of  flows  and 
domes  of  obsidian.  Material  that  consists  largely  of  an- 
gular pumice  fragments,  ranging  up  to  6  inches  in  di- 
ameter and  in  a  matrix  of  pumicite,  is  called  tuff -breccia. 
Pumice  breccia,  on  the  other  hand,  contains  only  a 
minor  proportion  of  the  finer-grained  pumicite  matrix. 
Pumice  lapilli-tuffs,  consist  mostly  of  pumice  fragments 
in  the  size  range  of  |-ineh  to  ^-inch. 

Most  of  the  aggregate  pumice  mined  in  California  is 
obtained  from  tuffs,  tuff-breccias,  and  pumice  breccias, 
and  on  the  basis  of  their  mode  of  deposition  and  origin, 
they  are  classified  as  follows :  ( 1 )  subaerial  deposits — 
those  deposited  on  dry  land — characterized  by  lack  of 
bedding  and  sorting;    (2)    subaqueous   deposits — those 


deposited  in  standing  water — characterized  by  bedding 
and  interbeds  of  silt,  sand,  and  gravel;  (3)  Nuee  Ar- 
dentes  deposits  characterized  by  lack  of  bedding  and  a 
very  wide  range  in  grain  size  from  impalpable  dust  to 
block  several  yards  across;  and  (4)  reworked  deposits 
characterized  by  graded  bedding,  crossbedding,  and 
rounded  fragments. 

Perlite,  strictly  defined,  is  a  glassy  volcanic  rock 
characterized  by  an  "onion  skin"  fracture,  and  which 
breaks  into  minute  spherical  fragments.  Perlite,  as  well 
as  many  other  siliceous  volcanic  glasses,  will,  upon  rapid 
controlled  heating,  expand  into  a  frothy,  white  material 
that  resembles  pumice  and  is  valued  as  a  lightweight 
aggregate.  In  an  industrial  sense,  all  expansible  volcanic 
glass  is  referred  to  as  perlite.  In  general,  the  chemical 
composition  of  perlite  ranges  from  rhyolitic  to  dacitic; 
most  perlites  contain  from  3  to  5  percent  water.  Most 
perlite  is  pale  gray,  but  some  is  black,  reddish-brown,  or 
even  green.  Phenocrysts  of  quartz,  feldspar,  biotite,  and 
hornblende  commonly  are  present,  and  in  some  deposits 
are  abundant  enough  to  render  the  perlite  unsuited  to 
commercial  use. 

Many  perlite  deposits  are  flows  associated  with  thick 
accumulations  of  tuffs  and  flows  of  other  volcanic  rocks. 
In  most  places,  flows  of  perlite-bearing  volcanic  rocks 
are  so  recent  that  they  are  nearly  horizontal,  but  locally 
they  are  moderately  deformed.  Individual  flows  of  per- 
lite range  in  thickness  from  a  few  feet  to  several  tens  of 
feet,  and  commonly  cover  several  square  miles.  Bodies  of 
perlite  also  occur  as  domes,  dikes,  and  as  selvages  border- 
ing andesitic  and  rhyolitic  intrusive  bodies. 

Most  perlites  are  formed  from  obsidian,  or  other 
glassy  volcanic  rock,  by  a  process  which  the  writer  has 
referred  to  as  "perlitization".  By  this  process  a  volcanic 
glass,  originally  containing  only  a  few  hundredths  per- 
cent water,  becomes  fractured  and  brecciated,  and  hy- 
drated  to  perlite.  The  com])leteness  of  the  hydration  of 
the  glass  depends  largely  upon  the  degree  of  access  per- 
mitted the  water  vapor  (Wright,  Chesterman  and  Nor- 
man, 1954,  p.  67).  The  water  necessary  for  perlitization 
appears  to  have  been  derived  partly  from  the  intruded 
rocks  and  partly  from  rhyolite  bodies  that  were  being 
emplaced  nearby. 

Volcanic  cinders  are  vesicular  masses  of  lava  which 
resemble  clinker  produced  in  a  furnace.  The.v  consist  of 
small  crystals  of  plagioclase  and  pyroxene  enclosed  in  a 
mesh  of  still  smaller  crystals  of  these  minerals  and  of 
subordinate  dark-colored  volcanic  glass.  In  California 
volcanic  cinders  are  mined  from  cinder  cones  which 
formed  around  central  openings  or  along  fissures  during 
periods  of  explosive  volcanic  activity.  Most  cinder  cones 
are  nearly  circular  in  plan,  range  from  a  few  hundred 
feet  to  several  thousand  feet  in  diameter,  and  some 
are  as  much  as  500  feet  high.  The  cinder  deposits  are 
stratified  and  consist  mostly  of  fragments  that  range 
from  a  fraction  of  an  inch  to  several  inches  in  diameter. 
Volcanic  bombs  are  common  in  most  cinder  deposits,  and 
dikes  of  basalt  or  andesite  have  been  found  in  some 
cones.  The  cinders  are  generally  red,  brown,  dark-gray, 
or  black  in  color. 
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FiGPBE  1.     Map  of  California  showing  location  of  principal  mines  and  producing  areas  for  pumice,  pumicite,  perlite,  and  volcanic  cinders. 
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Figure  2.  Fouch  pumice  pit,  Glass  Mountain  area,  eastern  Siskiyou  County.  Pumice  is  mined  from  a  mantle-like  layer  of  loosely 
consolidated  pumice  tuff-breccia  (P)  which  covers  all  older  volcanic  rocks,  but  which  is  itself  overlain  locally  by  a  flow  of  obsidian  (0). 
Observer  faces  southwest. 


DEPOSITS  OF  PUMICE,  PUMICITE,  AND  VOLCANIC 
CINDERS   IN   CALIFORNIA 

Although  deposits  of  pumice,  pumicite,  and  volcanic 
cinders  are  numerous  and  widespread  in  California,  the 
commercial  production  of  these  materials,  has  been  ob- 
tained mostly  from  the  following  areas:  (1)  Glass  Moun- 
tain area,  eastern  Siskiyou  County;  (2)  Coso  Range  area, 
western  Inyo  County;  (3)  Bishop-Laws  area,  eastern 
Mono  and  northern  Inyo  Counties;  (4)  Benton  area, 
eastern  Mono  County;  (5)  Napa  area,  northeastern 
Napa  County;  (6)  Mono  Craters  area,  western  Mono 
County;  and  (7)  the  Friant  area,  southern  Madera 
County.  Substantial  amounts  of  these  materials  also  have 
been  produced  from  properties  in  other  widely  scattered 
areas. 

The  pumice  deposits  within  a  given  area  ordinarily 
have  similar  characteristics.  The  Benton  area,  however, 
contains  deposits  of  land-laid,  water-laid  and  reworked 
pumice. 

Glass  Mountain  Area.  The  Glass  Mountain  area  of 
eastern  Siskiyou  County  contains  lava-covered  mountain 
peaks  and  plateaus,  volcanic  cinder  cones,  and  small 
alluviated  valleys  and  basins.  The  pumice  deposits  in 
this  area  were  first  systematically  explored  in  1935,  and 


the  first  pumice  was  shipped  in  1936.  Large-scale  produc- 
tion began  in  1947,  and  in  1951  the  total  annual  produc- 
tion had  risen  to  about  35,000  tons  of  pumice,  which 
was  used  mainly  for  aggregate  purposes. 

Glass  Mountain,  a  prominent  peak  near  the  eastern 
part  of  Siskiyou  County,  consists  largely  of  volcanic 
glass  emplaced  within  the  last  1200  years  (Chesterman, 
1955,  pp.  418-424).  The  mountain  is  composed  of  two 
flows.  The  lower  and  earlier  flow  is  a  composite  flow  of 
rhyolite-dacite,  whereas  the  upper  and  later  flow  is 
rhyolite  obsidian.  The  obsidian  flow  has  a  vesiculated 
upper  surface  and  is  mined  for  scouring  brick  pumice. 
Spreading  to  the  northeast  from  Glass  Mountain  is  a 
fan-shaped  mantle  of  loosely  consolidated  pumice  tuff- 
breccia  which  is  at  least  60  feet  thick  at  Glass  Mountain, 
but  which  thins  to  a  few  inches  at  Tionesta,  a  small  sid- 
ing on  the  Great  Northern  Railroad,  about  10  miles  to 
the  east  of  the  mountain.  At  Glass  Mountain,  where  most 
of  the  pumice  has  been  mined,  the  tuff-breccia  is  in  two 
layers  which  indicate  at  least  two  separate  periods  of 
pumice  deposition.  The  upper  layer,  which  is  the  thicker 
and  more  productive,  is  well  exposed  in  numerous  quar- 
ries and  test  pits,  and  ranges  from  a  few  feet  to  at  least 
30  feet  in  thickness.  The  lower  tuff-breccia  layer  is  thin- 
ner, and  rests  directly  upon  flows  of  older  basalt. 
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GEOLOGIC   MAP  OF  THE  COSO  RANGE  PUMICE    AND   PERLITE  AREA,  INYO  COUNTY, 

CALIFORNIA 

Figure  3. 


The  pumice  in  both  layers  is  grayish-white  in  color, 
and  occurs  in  angular  fragments  that  range  in  size  from 
dust-like  particles  to  lumps  and  bombs  6  inches  in  diam- 
eter. The  tuff-breccia  contains  minor  pink  rhyolite, 
dark-brown  basalt,  and  black  obsidian,  but  these  do  not 
appear  to  be  deleterious  in  use  of  the  pumice  as  aggre- 
gate in  concrete  products. 

The  pumice,  which  has  virtually  no  overburden,  is 
mined  by  open  pit  methods  by  use  of  bulldozers  or 
tractor  elevators.  It  is  trucked  to  Tionesta  where  it  is 
processed  for  use  as  aggregate  and  loaded  into  gondola 
cars  for  shipments  to  markets  in  central  and  northern 
California  and  southern  Oregon. 

Pumice  has  been  actively  mined  from  about  eight 
quarries  in  the  Glass  Mountain  area.  Of  these,  the  largest 


is  the  Fouch  quarry  of  the  Thompson  Pumice  Company 
which  in  1955  measured  about  700  feet  long,  300  feet 
wide,  and  about  12  feet  deep. 

Pumice  suitable  for  the  manufacture  of  scouring 
bricks  has  been  produced  from  the  top  of  Glass  Mountain 
since  1936.  This  pumice  occurs  as  a  crust  on  the  surface 
of  the  obsidian  flows  and  forms  jumbled  masses  of  an- 
gular blocks  associated  with  black  obsidian  and  coarsely 
vesiculated  obsidian.  The  scouring  brick  pumice  has  been 
mined  to  a  depth  of  at  least  10  feet,  and  the  pumiceous 
material  extends  to  an  undetermined  depth  below  this. 
Choice  blocks  are  gray  in  color,  commonly  range  in 
maximum  dimension  from  one  foot  to  three  feet  and  are 
relatively  free  from  obsidian.  The  pumice  mined  by  U.  S. 
Pumice  Supply  Company  is  loaded  into  trucks  by  use 
of  tractor  elevator  and  hauled  to  a  processing  plant  near 
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Figure  4. 


Tulelake  where  it  is  cut  into  "Grillmaster"   scouring 
bricks. 

At  Little  Glass  Mountain,  about  10  miles  west  of  Glass 
A  Fountain,  an  extensive  deposit  of  pumice  occurs  in  a 
liiosely  consolidated  pumice  tuff-breccia  layer  which 
ranges  from  a  few  feet  to  10  feet  in  thickness.  The  tuff- 
lireecia  has  no  overburden  and  consists  primarily  of 
liiiht-gray  angular  pumice  fragments  that  range  in  size 


from  I'e-inch  to  3  inches.  Although  pumice  was  mined  in 
this  area  as  early  as  1905,  the  output  has  been  small  in 
comparison  with  that  obtained  in  the  Glass  Mountain 
area.  The  latest  recorded  production  was  in  1935  (Ave- 
rill,  1935,  p.  335),  but  a  small  tonnage  has  been  produced 
for  research  purposes  since  then. 

Volcanic  cinders  have  been  extensively  quarried  at 
East  Sand  Butte,  a  typical  stratified  cinder  cone  about 
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4  miles  north  of  Tionesta,  Modoc  Count.y.  The  cone  rises 
about  300  feet  above  a  comparatively  level  plain  of 
basalt  flows.  The  cinders  are  angular,  black  to  red  in 
color,  and  range  from  |-inch  to  3  inches  in  diameter. 
They  are  mined  in  open  pits  with  bulldozers  and  are 
used  primarily  as  ballast  and  bankwidening  for  the 
Great  Northern  railroad  in  California  and  Oregon. 

Volcanic  cinders  also  are  being  quarried  for  railroad 
ballast  by  the  Southern  Pacific  Railroad  from  cinder 
cones  in  the  northern  part  of  Siskiyou  County,  north  of 
Mount  Shasta.  The  principal  operation  is  at  Kegg  where 
a  cinder  cone,  which  formerly  was  about  75  feet  high 
and  at  least  1.000  feet  in  diameter,  has  been  almost  com- 
pletely leveled.  The  cinders  are  stratified,  basaltic  in 
composition,  red  to  black  in  color,  and  range  from  ^-inch 
to  several  inches  in  diameter.  The  central  portion  of 
throat  of  the  cone  is  filled  by  an  irregular  plug-like  mass 
of  basalt. 

Volcanic  cinders  are  beinff  quarried  from  another 
cinder  cone  near  Hotlum.  Siskiyou  County,  also  north 
of  Mount  Shasta.  These  cinders  are  basaltic  in  composi- 
tion, dark  gray  to  black  in  color,  well  stratified,  ancrular, 
and  rani^e  in  size  from  -,\-iiich  to  4  inches.  They  are 
marketed,  at  Yreka  and  the  northern  nart  of  the  Sacra- 
mento Valley,  for  use  as  aggregate  in  building  blocks. 

Coso  Range  Area.  The  Coso  Range,  in  southwestern 
Inyo  County,  contains  a  central  core  of  granitic  and 
metamorphic  rocks  which  is  overlain  in  upward  sequence 
by  (1)  alluvial  gravels,  (2)  tulTs  and  lacustrine  sedi- 
ments, and  (3)  flows  of  andesite  and  basalt.  This  se- 
quence comprises  the  Coso  formation  (Schultz,  1937,  p. 
79)  of  late  Pliocene  or  early  Pleistocene  age.  Pumiceous 
tuffs  are  well  exposed  on  the  southern,  western,  and 
northern  flanks  of  the  Coso  Range,  but  most  of  the 
pumice  mined  in  this  area  has  been  obtained  from  tuffs 
exposed  on  the  western  and  southern  flanks  of  the  range. 
The  Coso  Range  also  contains  extensive  deposits  of  vol- 
canic cinders  and  perlite. 

Pumice  was  first  mined  in  the  Coso  Range  area  in 
1920.  but  these  early  shipments  were  small  and  were 
marketed  in  southern  California  principally  for  use  as 
an  abrasive.  The  large-scale  production  of  pumice,  how- 
ever, began  in  1946,  and  by  1955  well  over  400,000  cubic 
yards  of  pumice  valued  at  more  than  .•{!], 000,000  had  been 
mined  from  several  pumice  properties.  This  pumice  was 
used  mostly  as  aggregate  for  concrete  which  finds  wide 
acceptance  throughout  the  country.  Volcanic  cinders 
were  first  mined  in  the  Coso  Range  area  prior  to  1948, 
and  by  1955  the  deposits  had  yielded  a  total  of  about 
250,000  tons  obtained  mostly  from  two  operations. 

The  tuffs  in  the  Coso  Range  are  of  both  subaqueous 
and  subaerial  origin,  but  most  of  the  pumice  mined  in 
this  area  has  been  obtained  from  subaerial  deposits.  Al- 
though each  tuff  has  distinctive  features,  the  pumice  in 
all  of  them  is  similar  in  many  respects  and  has  been  used 
principally  for  aggregate  in  pre-cast  and  monolithic 
concretes. 

Most  of  the  tuffs  of  subaqueous  deposition  are  well 
stratified  and  commonlv  contain  pumice  beds  inter- 
layered  with  gray,  moderately  well  con.solidated,  pumi- 
ceous sandstone.  The  tuff  beds  range  in  thickness  from 
one  foot  to  15  feet,  and  in  several  places  tliev  have  an 
aggregate  thickness  of  100  feet.  The  tuffs  are"^  made  up 


of  pumice  fragments  that  are  white,  angular  to  rounded, 
and  range  from  ^-inch  to  2|  inches  in  diameter.  The 
pumice  contains  phenocrysts  of  deep-brown  biotite,  black 
hornblende,  and  white  feldspar.  Scattered  irregularly 
throughout  the  tuffs  are  rounded  and  angular  bouldris 
of  granite,  hornblende  andesite,  and  dark  mica  schist, 

The  tuffs  of  subaerial  deposition  are  surficial  deposit! 
covered  largely  by  pumiceous  and  sandy  soils  as  muc' 
as  20  feet  in  thickness.  The  tuffs  show  a  poorly  define 
bedding  and  an  almost  total  lack  of  sorting.  The  pumic 
layers  range  in  thickness  from  1  foot  to  10  feet,  and  ar 
composed  of  white,  angular  fragments  that  range  fro: 
i-inch  to  2|  inches  in  diameter.   The  pumice  containal 
phenocr^'sts  of  dark-brown  biotite,  black  hornblende,  an 
glassy  feldspar.  Boulders  of  hornblende  andesite,  dark'j 
mica  schist  and  weathered  granite  are  scattered  through-^ 
out  the  tuff. 

Althovigh  as  many  as  four  firms  have  quarried  pumice 
in  the  Coso  Range  area,  only  two  operations  were  active 
in  1955.  The  largest  operator,  the  Crownite  Corporation, 
has  quarried  pumice  from  both  subaerial  and  subaqueous 
tuffs,  although  the  present  output  is  obtained  from  a 
deposit  of  subaerial  deposition.  The  size  of  this  deposit 
is  not  known,  but  pumice  has  been  mined  to  a  depth  nl' 
30  feet.  The  other  operator,  Henry  Babineau,  quarried 
pumice  from  a  layer  of  subaqueous  tuff  poorly  exposed 
along  the  west  flank  of  the  Coso  Range.  The  actual 
thickness  of  the  tuff  layer  is  not  known,  but  thicknesses 
up  to  30  feet  have  been  exposed  in  quarry  faces  and 
test  pits. 

In  1955,  volcanic  cinders  were  being  quarried  from 
two  cinder  cones  at  the  southern  end  of  Rose  Valley. 
about  4  miles  north  of  Little  Lake,  Inyo  County.  Two 
cinder  producers,  Redlite  Aggregates  Incorporated  and 
Volcanic  Cinder  Company  operate  quarries  on  the  south 
side  of  Red  Cinder  Mountain,  and  the  third,  Paul 
Splane,  operates  a  quarry  on  the  north  side  of  another 
cinder  cone  about  2  miles  to  the  northeast.  The  cinders 
at  both  localities  are  basaltic  in  composition  and  contain 
small  lath-shaped  crystals  of  labradorite  set  in  a  fim  r- 
grained  groundmass  of  pyroxene,  labradorite,  and  dark- 
brown  volcanic  glass.  The  cinders  are  loosely  consoli- 
dated, dark  reddish-brown  in  color,  and  range  in  size 
from  |-inch  to  about  6  inches  in  diameter.  Volcanic 
bombs  and  large  lump-like  masses  of  agglutinated  cindiis 
as  much  as  several  feet  in  diameter  are  common  in  llie 
cones.  The  total  reserves  of  mineable  cinders  probalily 
exceed  several  tens  of  millions  of  cubic  yards. 

Benton  Area.  Most  of  the  early  production  of  pumice 
in  California  was  obtained  from  extensive  pumice  de- 
posits near  Benton,  eastern  Mono  County.  The  pumice 
in  this  area  occurs  in  tuff  layers  composed  of  detrital 
pumice  fragments  discharged  from  volcanic  centers  that 
probably  lay  to  the  west.  Although  both  subaqueous  and 
subaerial  tuffs  exist  in  the  area,  most  of  the  current  out- 
put is  of  the  subaerial  type.  In  the  late  1940 's,  however, 
large  tonnages  of  pumice  were  mined  from  deposits  that 
contain,  in  addition  to  subaqueous  pumice,  layers  of 
reworked  pumice. 

The  tuff  layers  rarely  dip  more  than  7  degrees,  and 
range  in  thickness  from  one  foot  or  less  to  several  tens 
of  feet.  Fortunately,  much  of  the  pumice  lies  near  the 
surface  and  is  overlain  only  by  sandy  and  pumiceous 
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Figure  5.  View  of  the  Splane  volcanic  cinder  operation  near  Red  Cinder  Mountain,  Inyo 
Countj'.  The  red  volcanic  cinders  are  obtained  from  a  cinder  cone  (C),  treated  at  plant  (P), 
and  stored  in  storage  yard    (Y).  Observer  faces  south. 


ioil  which  ranges  from  a  few  inches  to  10  feet  in  thiek- 


less. 


The  pumice  fragments  in  all  of  the  tuffs  are  grayish- 
lite  and  range  from  i^g-inch  to  4  inches  in  diameter. 
VIost  of  the  fragments  are  angular,  but  in  the  sub- 
iqueous  deposits  some  are  rounded.  Sand  composed 
irincipally  of  angular  grains  of  quartz  and  feldspar, 
onstitute  as  much  as  5  percent  of  the  tuffs.  Although 
icattered  throughout  the  tuffs,  the  sand  commonly  is 
concentrated  in  a  narrow  zone  at  or  near  the  base  of  the 
uff  layers.  Angular  to  rounded  boulders  of  granite  and 
iark  mica  schist  also  occur  in  the  tuffs.  These  and  the 
sand  are,  however,  removed  from  the  pumice  by  simple 
creening  operations. 

Although  the  deposits  of  pumice  in  the  Benton  area 
lad  been  known  for  many  years,  they  were  first  worked 
n  1926.  By  1948,  eight  firms  were  mining  aggregate 
Dumice  in  the  Benton  area  at  a  combined  rate  of  several 
ens  of  thousands  of  tons  each  year.  The  pumice  has 
jeen  mined  by  both  open  pit  and  underground  methods. 
[Jnderground  mining  ceased  about  1945.  AH  of  the  out- 
3Ut  in  1955  was  recovered  bj'  a  single  firm — Cowan  and 
McGraw — from  open  pits.  The  pumice  was  being  ob- 
tained from  a  layer  of  subaerial  tuff  that  averages  about 
12  feet  thick  and  which  has  been  widely  prospected  by 
lumerous  test  pits  and  cuts.  Bulldozers  are  used  to  mine 
md  push  the  pumice  to  screening  plants  at  or  near  the 
aits. 

Bishop-Laws  Area.  The  Bishop-Laws  pumice  area,  in 
Mono  and  Inyo  Counties,  includes  a  part  of  Owens 
Valley  and  extends  northward  along  the  west  slope  of 
the  White  Mountains  from  Big  Pine  to  Sacramento 
Canyon.  The  area  also  embraces  the  southeastern  part  of 


the  Volcanic  Tableland,  a  dissected  mesa  a  few  miles 
north  of  Bishop. 

Pumice  mining  in  the  Bishop-Laws  started  about  1926 
with  the  opening  of  quarries  along  the  southeastern 
margin  of  the  Volcanic  Tableland.  Since  then  pumice 
has  been  mined  at  8  localities  throughout  the  area,  but 
in  1955  only  two  were  active.  One  of  these  is  operated 
by  the  Bishop  Hardware  Company  which  mines  pumice 
along  the  southern  margin  of  the  Volcanic  Tableland 
and  markets  it  as  concrete  aggregate.  The  other  is  oper- 
ated by  Insulating  Aggregates  and  has  been  in  almost 
continuous  operation  since  1926.  This  concern  produces 
aggregate  for  acoustical  plaster  and  stucco  from  a  tuff 
layer  along  the  eastern  margin  of  the  Volcanic  Table- 
land. The  early  output  was  used  in  making  cleansing 
compounds  and  scouring  soaps,  and  for  aggregate  in 
stucco  and  acoustical  plaster  (Tucker,  1927,  p.  403). 
During  World  War  II,  abrasive  pumice  was  produced 
from  one  deposit  on  the  west  flank  of  the  White 
Mountains. 

In  the  Bishop-Laws  area,  the  pumice  is  obtained  from 
subaqueous  and  subaerial  deposits,  and  some  of  nuee  ar- 
dente  origin;  most  of  the  output,  however,  has  been 
mined  from  deposits  of  subaqueous  deposition.  The  re- 
serves of  pumice  in  this  area  are  measureable  in  millions 
of  cubic  yards. 

Pumice  deposits  of  the  nuee  ardente  type  are  well 
exposed  along  the  southeastern  and  soutliern  margins  of 
the  Volcanic  Tableland,  about  5  miles  north  of  Bishop. 
The  deposits  are  confined  mostly  to  a  layer  of  loosely 
consolidated  tuff,  a  part  of  the  Bishop  tuff  (Quaternary), 
about  30  feet  thick  that  is  commonly  overlain  by  a 
denser  phase  of  the  Bishop  tuff.  The  tuff  layer  is  loosely 
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consolidated  and  contains  more  pumicite  than  pumice. 
The  fragments  within  the  layer  range  in  size  from  dust- 
like particles  to  well-rounded  lumps  as  much  as  4  inches 
in  diameter.  The  pumice  is  pale,  pinkish-brown  and  con- 
tains scattered  phenocrysts  of  quartz  and  sanidine.  That 
portion  which  passes  through  a  f-inch  screen  is  saved, 
the  remainder  is  waste. 

Pumice  of  subaqueous  deposition  is  widespread  along 
the  eastern  margin  of  the  Volcanic  Tableland  where  it 
occurs  in  a  nearly  horizontal  layer  about  15  feet  thick. 
It  lies  upon  erossbedded  deltaic  sands  and  gravels  and 
is  overlain  by  loosely  consolidated  Bishop  tuff.  The 
pumice  fragments  are  angular,  white  in  color,  and  range 
in  size  from  ^^-inch  to  2  inches  in  diameter. 

Subaqueous  pumiceous  tuff  layers  also  are  exposed 
along  the  west  slope  of  the  White  Mountains  and  are 
interbedded  with  layers  of  fanglomerate  as  much  as  20 
feet  thick.  The  tuff  layers  range  in  thickness  from  a  few 
feet  to  30  feet,  show  maximum  exposed  lengths  of  several 
hundred  feet,  and  consist  of  several  beds  of  pumice  inter- 
bedded with  thin  layers  of  pumicite  and  silica  sand.  The 
pumice  fragments  are  angular,  white  in  color,  and  range 
from  ^ij-inch  to  3  inches  in  diameter.  Bedding  is  prom- 
inent in  the  tuffs,  and  the  dip  is  toward  the  west  and 
southwest  from  2  to  10  degrees. 

The  pumice  in  the  Bishop-Laws  area  is  mined  by  open 
pit  methods.  The  overburden  is  stripped  away  by  bull- 
dozers which  also  mine  and  push  the  pumice  to  the 
screening  plants,  commonly  situated  near  the  pits. 

Mono  Craters  Area.  In  the  west-central  part  of  Mono 
County,  pumice  for  scouring  bricks  is  being  quarried 
from  two  of  the  several  domes  in  the  chain  of  late  Qua- 
ternary volcanic  domes  known  as  the  Mono  Craters. 
These  volcanic  domes  consist  mostly  of  obsidian  and 
rise  abruptly  from  a  plain  covered  by  a  mantle  of  loose 
pumiceous  ejecta.  The  domes  are  steep  sided  and  their 
tops  are  covered  by  a  chaos  of  jumbled  blocks  of  pumice 
and  pumiceous  obsidian  that  range  from  one  foot  to 
four  feet  across.  The  openings  in  the  pumice  are  tubular 
and  commonly  drawn-out  parallel  to  a  flow  banding. 
The  pumice  is  brownish-gray  on  the  weathered  surface, 
but  on  a  fresh  surface,  it  ranges  from  dark  to  light  gray. 
From  this  rock  the  scouring  bricks  are  fashioned. 

All  mining  is  by  open  pit  methods.  Blasting  is  requird 
to  break  down  some  of  the  pumice  from  the  quarry  walls. 
Selected  material  is  loaded  into  trucks  by  tractor  loaders 
and  hauled  about  8  miles  to  a  sawing  plant  at  LeeVining 
where  it  is  trimmed  and  cut  into  scouring  bricks  of 
several  sizes. 

The  pumice  which  mantles  the  ground  around  the 
Mono  Craters  remains  unmined,  principally  because  of 
its  remoteness.  The  maximum  thickness  of  this  mantle  is 
not  known,  but  it  has  been  exposed  to  depths  exceeding 
10  feet  at  several  widely  spaced  test  pits  and  in  a  few 
deep  road  cuts,  and  appears  to  contain  very  large  re- 
serves of  aggregate-grade  pumice.  This  pumice  is  white, 
and  occurs  in  angular  fragments  that  range  from  ^-inch 
to  3  inches  in  diameter.  The  U.  S.  Pumice  and  Supply 
Company  is  the  only  firm  mining  and  processing  pumice 
in  the  Mono  Craters  area. 

Napa  Area.  An  area  along  Sarca  Creek  about  4  miles 
northeasterly  from  Napa,  Napa  County,  first  yielded 


commercial  quantities  of  pumice  in  1932,  and  by  1951 
the  annual  output  had  increased  to  several  tens  o] 
thousands  of  short  tons.  The  pumice  is  used  primaril; 
as  aggregate  in  lightweight  concrete. 

In  the  Napa  area  the  pumice  is  mined  from  layers 
massive  lapilli  tuff  and  tuff-breccia  of  late  Pliocene  agi 
These  layers  of  pyroclastic  rock  are  as  much  as  150  fe 
thick  and  generally  dip  gently  southwestward.  They  co; 
sist  mostly  of  angular,  grayish-white  pumice  fragments?  f 
but  also  contain  minor  lapilli  of  black  obsidian,  basalt 
bombs  as  much  as  3  feet  across,  angular  fragments  of  red 
scoria,  and  clay  formed  mostly  by  the  alteration  of  fine- 
grained tuff. 

All  mining  is  by  open  pit  methods.  Bulldozers  serapf 
awa.y  a  thin  overburden  of  soil  and  push  the  pumicr  \u 
processing  plants  commonly  at  or  near  the  pit.  Pumice 
has  been  mined  at  seven  localities  throughout  the  area, 
but  in  1955  only  one  operator,  C.  Cicero,  was  active. 
Pumice  for  aggregate  purposes  is  obtained  from  a  layer 
of  massive  tuff-breccia  which  is  as  much  as  50  feet  tliiik. 

Friant  Area.  In  the  Friant  area,  in  southern  Madera 
County,  pumice  and  pumicite  have  been  produced  from 
tuff  layers  in  the  Friant  (Pleistocene?)  formation,  which 
crops  out  in  low,  flat-topped  hills  north  and  east  of  the 
town  of  Friant  on  the  San  Joaquin  Kiver.  Pumicite  Mas 
first  mined  in  this  area  in  or  about  the  year  1904  and 
was  utilized  as  a  polishing  agent.  This  operation  lasted 
only  a  few  years.  In  1914,  attempts  again  were  made  to 
mine  the  pumicite  and,  at  a  small  plant  in  Fresno,  it  was 
made  into  polishing  powder  and  scouring  soap.  In  1927. 
however,  development  work  was  started  on  several  pumi- 
cite deposits  and  much  of  the  pumicite  mined  was 
utilized  as  an  admixture  with  cement  in  concrete.  Several 
of  the  properties  south  of  the  San  Joaquin  River  subse- 
quently were  covered  by  waters  of  the  Friant  Dam,  and 
are  therefore  not  accessible  to  mining. 

The  mining  of  pumice  in  the  Friant  area  started  aboni 
1930.  The  pumice  was  and  is  still  being  used  as  aggrefzatc 
in  concrete  building  blocks,  shingles,  and  roofina:  tile. 
Most  of  the  present  output  of  pumicite  from  the  Friant 
area  is  consumed  in  agricultural  uses,  especially  as  a 
diluent  and  carrier  for  pesticides  and  insecticides. 

The  Friant  formation  is  flat-lying  and  consists  mostly 
of  a  sequence  of  lacustrine  and  fluviatile  deposits  of  silt.j 
sand,  pumiceous  sand,  gravel,  and  thinly  bedded  pumi- 
cite tuffs  and  lapilli  tuffs  (Trauger,  1950,  p.  1531)  which 
rests  upon  granite.  At  the  bottom  are  layers  of  pumicite 
interbedded  with  thin  layers  of  silt,  clayey  sands,  and 
sands.  These  are  overlain  by  a  layer  of  sandstone 
which  grades  upward  into  pumiceous  sandstone  that 
locally  contains  lens-like  layers  of  pumice  lapilli-tiiff 
The  pumicite  layers  range  in  thickness  from  a  few  inche? 
to  6  feet ;  locally  they  have  a  combined  thickness  of  about 
150  feet.  The  pumicite  is  colored  grayish-white  to  brick- 
red,  and  consists  mostly  of  flat,  angular  glass  particles 
that  range  from  0.001  to  0.015  mm.  in  diameter.  The 
pumice  fragments  in  the  pumiceous  sandstone  and  pum 
ice  lapilli-tuff  are  sub-rounded,  white  to  pale  pinkish 
brown,  and  range  from  |-inch  to  4  inches  in  diameter 
The  pumiceous  sandstone  and  pumice  lapilli-tuff  layor' 
have  an  aggregate  thickness  of  about  30  feet,  and  «v<U 
narily  have  a  thin  soil  covering. 
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Both  the  pumicite  and  pumice  are  mined  by  open  pit 
nethods,  although  pumicite  formerly  was  obtained  by 
mderground  methods.  Minor  blasting  is  required  to 
)reak  down  the  more  firmly  compacted  pumicite.  The 
)umicite  is  loaded  into  trucks  with  a  small  shovel  or 
)ulldozer  and  hauled  to  processing  plants  situated  at  the 
leposits.  The  pumice  is  mined  by  bulldozer  which  also 
)ushes  the  pumice  to  screening  plants  at  the  pits. 

The  pumice  and  pumicite  have  been  mined  at  seven 
ocalities  throughout  the  Priant  area,  but  in  1955  only 
hree  were  active.  Two  firms — California  Industrial  Min- 
rals  Company  and  01'  Rebel  Minerals,  Incorporated — 
line  and  process"  pumicite.  Pumicite  is  obtained  from 
xtensive  deposits  whose  reserves,  at  each  operation,  are 
a  excess  of  several  hundreds  of  thousands  of  tons.  Pum- 
ee  is  being  mined  only  by  the  Pumice  and  Pumicite 
lining  Company  which  operates  an  extensive  deposit  of 
mmiceous  sandstone  that  averages  about  30  feet  thick 
.nd  which  contains  reserves  of  at  least  several  hundreds 
if  thousands  of  tons. 

Miscellaneous  Deposits  of  Pumice,  Pumicite,  and  Vol- 
ume Cinders.  Pumice  has  been  produced  from  other 
I  uff  layers  scattered  throughout  California.  The  Wil- 
iams  Brothers  mine,  about  18  miles  northwest  of  Bar- 
tow, San  Bernardino  County,  has  yielded  pumice  for 
ggregate  purposes  from  a  thick  and  extensive  layer 
f  consolidated  tuff.  Pumice  for  aggregate  purposes  also 
3  being  produced  from  pumice  conglomerates  at  Obsid- 
an  Butte,  about  10  miles  northwesterly  from  Calipatria, 
mperial  County.  Volcanic  ash  deposits  at  Shoshone, 
nyo  County  and  in  Last  Chance  Canyon,  Kern  County, 
rere  for  many  years  important  sources  of  pumicite  but 
cere  idle  in  1955.  Tuffs  in  the  Last  Chance  Canyon  area 
f  eastern  Kern  County  are  mined  for  acoustical  plaster 
ggregate  and  abrasive  pumice. 

MINING    METHODS 

In  1955,  as  already  indicated,  all  of  the  active  pumice, 
lumicite,  and  volcanic  cinder  operations  in  California 
t^ere  open  pits.  The  maximum  possible  size  of  the  pit  is 
letermined  largely  by  the  size  of  the  deposit  and  the 
mount  of  overburden  which  must  be  removed.  The 
verburden,  which  commonly  ranges  in  thickness  from 
,  few  inches  to  several  tens  of  feet  is  stripped  away 
vith  bulldozers  or  carryalls.  From  deposit  to  deposit,  the 
verburden  differs  in  composition  from  loosely  eonsoli- 
lated  pumiceous  soil  to  firmly  compacted  and  cemented 
uff.  In  general  the  thickness  of  overburden  is  less  im- 
)ortant  than  the  thickness  of  mineable  pumice  to  be 
ixposed.  The  removal  of  10  feet  of  overburden  from  a 
•0  foot  layer  of  pumice,  for  example,  ultimately  may 
)rove  no  more  costly  per  ton  of  pumice  mined  than  the 
■emoval  of  one  foot  of  overburden  from  5  feet  of  pumice. 
)nce  the  pumice,  pumicite,  or  volcanic  cinder  deposits 
ire  exposed,  they  are  mined  with  a  bulldozer,  power 
ihovel,  dragline,  or  tractor  loader.  At  some  of  the  opera- 
ions  the  processing  plant  is  at  or  near  the  pit,  at  others 
be  plants  are  on  rail  facilities  as  much  as  10  miles  from 
he  pit.  Most  of  the  pumice,  pumicite,  and  volcanic  cin- 
ler  deposits  require  no  blasting.  "Where  blasting  is  re- 
luired,  care  is  taken  only  to  break  the  material  from 
he  walls  of  the  open  pits  and  not  into  fragments  too 
mall  to  be  usable. 


PROCESSING  OF  PUMICE,  PUMICITE,  AND 
VOLCANIC  CINDERS 


Processing  facilities  range  from  a  single  screen,  over 
which  is  fed  crude,  quarry-run  material,  to  plants  that 
contain  primary  and  secondary  crushers  and  numerous 
screens  and  that  yield  commercial  materials  within  nar- 
row size  specifications.  The  preparation  of  pumice  and 
volcanic  cinders  for  use  as  concrete  aggregate  commonly 
consists  of  running  the  material  over  a  screen  with 
f-inch  openings.  The  treatment  of  pumice  for  acoustical 
granules,  plaster  aggregate,  and  abrasive  uses  consists, 
in  addition  to  primary  crushing  and  screening,  of  sec- 
ondary crushing  in  a  hammer  mill,  drying,  and  screen- 
ing. The  processing  of  pumicite  includes  drying  and 
multiclone  collecting.  In  the  course  of  drying  pumicite, 
the  bond  which  holds  the  particles  together  is  broken. 
A  multiclone  dust  collector  recovers  most  of  the  pumicite 
which  averages  about  85  percent  minus  325  mesh.  The 
still  finer  material  is  collected  in  baghouses. 

Table  1.     Typical  products  of  pumice,  pumicite,  and  volcanic 
cinders;  their  sizes  and  methods  of  processing. 


Product 

Size  in  inches 
or  mesh 

Method  of  processing 

InsuIatinE   agRregate   for 

-Vi.  +  Mt 

Crushing    in    jaw    crusher   and 

pre-cast  or  monolithic 

screening 

concretes 

Pea  gravel  for  block  ag- 

—%<  to  pan 

Crushing    in   jaw    crusher    and 

gregate 

screening 

Gunnite  aggregate 

%,  to  pan 

Crushing  in  jaw  crusher  and 
screening 

Plaster  aggregate 

-Vs.  +  % 

Secondary  crushing  in  hammer 
mill,  drying,  and  screening 

Stucco  aggregate 

— M.  to  pan 

Secondary  cnishing  in  hammer 

mill,  drj-ing  and  screening 

Floor  sweeping  compound- 

— 9,  +50  mesh 

Secondary  crushing  in  hammer 
mill,  drying,  and  screening 

Paint  filler___ 

— 20,  +50  mesh 

Secondary  crushing  in  hammer 

mill,    drying,    and    screening 

in  a  special  type  of  mill 

Abrasive  for  cleaners 

—20,  +50  mesh 

Secondary  crushing  in  hammer 
mill,  drying,  and  screening 
in  a  special  type  of  mill 

Abrasive  for  dental  trade . 

—80,  +200  mesh 

Secondary  crushing  in  hammer 
mill,  drying,  and  screening 
in  a  special  type  of  mill 

Pozzolan 

—200,  +325  mesh 

Secondary  crushing  in  hammer 

mill,    drying,    and    screening 

in  a  special  type  of  mill 

DEPOSITS  OF   PERLITE    IN   CALIFORNIA 

Although  there  are  many  deposits  of  perlite  in  Cali- 
fornia, most  of  the  output  of  crude  perlite  in  the  state 
has  been  obtained  from  deposits  in  four  areas :  ( 1 )  Pish 
Springs  area,  Inyo  County;  (2)  Klondyke  and  (3) 
Castle  Mountain  areas,  San  Bernardino  County;  and  (4) 
St.  Helena  area,  Napa  County.  In  1954,  these  areas 
yielded  a  total  of  about  16,000  tons  of  crude  perlite. 

Fish  Springs  Area.  The  Pish  Springs  perlite  area  is 
in  western  Inyo  County,  about  7  miles  south  of  Big  Pine. 
Here  a  single  perlite  deposit  forms  a  Recent  volcanic 
dome  which  rises  as  a  conspicuous  hill  about  200  feet 
high  and  is  surrounded  by  outwash  granitic  debris  de- 
rived from  the  east  face  of  the  nearby  Sierra  Nevada. 
The  dome  is  elongated  in  an  east-west  direction  and  is 
capped  by  pumiceous  perlite  that  grades  downward  into 
less  pumiceous  perlite.  The  zone  of  mineable  perlite  is 
about  80  feet  thick,  and  is  underlain  successively  by  brec- 
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FlQUBE  6.     Geologic  map  of  the  Fish  Springs  perlite  deposit,  Inyo  County. 
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Figure  7.  Quarry  at  the  International  Minerals  and  Chemical  Corporation's  perlite  deposit, 
Fish  Springs  perlite  area,  Inyo  County.  Scale  is  indicated  by  figure  standing  in  front  of  the 
power  shovel.  The  perlite^  is  pumiceous,  breeciated,  and  easily  mined.  Observer  faces  west,  and 
the  steep  east-facing  slope  of  the  Sierra  Nevada  is  visible  in  upper  left-hand  corner  of  the 
photograph. 


ciated  obsidian  in  a  pumiceous  perlite  matrix,  and  by  a 
dense,  glassy  perlitie-vitrophyre.  The  perlite  is  light-gray 
to  white,  medium  to  fine-grained,  pumiceous,  and  con- 
tains local  small  rounded  bodies  of  dark  gray  and  black 
obsidian. 

The  perlite  is  mined  by  the  International  Minerals  and 
Chemicals  Corporation  in  an  open  cut  high  on  the  steep 
side  of  the  dome.  A  bulldozer  is  used  to  remove  the  soft 
pumiceous  overburden,  and  a  small  power  shovel  loads 
the  perlite  into  trucks  that  haul  it  to  a  grinding  and 
screening  plant  nearby.  Perlite  was  first  mined  in  the 
Fish  Springs  area  in  1949,  and  has  been  continuously 
produced  since  then. 

Klondyke  Area.  The  Klondyke  perlite  area  is  in  the 
Bristol  Mountains,  about  6  miles  north  of  Klondyke,  a 
siding  on  the  Santa  Fe  Kailroad,  San  Bernardino 
County.  The  perlite  occurs  in  irregular  to  lenticular 
bodies  and  flows  iuterbedded  with  tuffs,  tuffaceous  sedi- 
ments, and  flows  of  rhyolite.  All  are  j^robably  of  late 
Tertiary  age.  The  bodies  of  perlite  range  in  thickness 
from  a  few  feet  to  50  feet  and  are  as  much  as  1,000  feet 
in  length.  This  sequence  of  volcanic  rocks  dips  from  7  to 
15  degrees  southwestward.  The  perlite  ranges  from  light- 
to  dark-gray  and  locally  shows  reddish-brown  streaks. 
Some  of  it  is  pumiceous  and  breeciated  (Wright,  et  al, 
1954,  p.  188). 

The  American  Perlite  Corporation  mines  the  perlite 
by  open  pit  methods.  Blasting  is  required  to  break  the 
perlite  which  is  then  loaded  into  trucks  and  hauled  6 
miles  to  the  crushing  and  screening  plant  at  Klondj'ke 
siding.  Although  perlite  for  experimental  purposes  was 
first  produced  from  the  Klondyke  deposits  in  1948,  com- 
mercial production  began  in  1952. 


St.  Helena  Perlite  Area.  In  an  area  about  3  miles 
southeast  of  St.  Helena  in  Napa  County,  perlite  occurs 
in  late  Tertiary  flows  which  range  in  thickness  from  a 
few  feet  to  several  tens  of  feet.  The  flows  lie  upon  tuffs 
and  conglomerates,  and  are  overlain  by  flows  of  light- 
gray,  vesicular  dacite.  All  are  exposed  in  broad  north- 
west-trending folds.  Locally  the  overlying  volcanic  rocks 
have  been  eroded  away  and  large  bodies  of  perlite  a'-e 
now  covered  only  by  sandy  soil.  The  perlite  is  dark-gray 
to  light-gray  and  contains  unevenly  distributed  pheno- 
crysts  of  feldspar,  quartz,  and  hypersthene.  Concentra- 
tions of  these  minerals  locally  constitute  as  much  as  20 
percent  of  the  volume  of  the  rock. 

Perlite  was  discovered  in  the  St.  Helena  area  in  1947, 
and  in  1949  small  shipments  were  tested  at  a  processing 
plant  at  Campbell,  California.  By  1951,  the  perlite  was 
being  produced  on  a  commercial  scale  and  two  proper- 
ties were  in  operation.  One  was  developed  as  a  source  of 
perlite  for  processing  plants  in  the  San  Francisco  Bay; 
it  became  inactive  in  1954.  The  other  operation,  Perlite 
Aggregates,  Inc.,  which  supplies  an  expansion  plant  near 
the  deposit,  is  still  in  operation.  All  mining  has  been  by 
open  pit  methods.  The  perlite  was  being  blasted  from  the 
quarry  walls  and  hauled  to  a  crushing  and  screening 
])lant  near  the  quarry. 

Castle  Mountains  Perlite.  Three  operators,  Lewis 
Cox,  the  MoreLite  Minerals  Corporation,  and  L.  S. 
Whaley  Lumber  Company,  have  mined  perlite  in  the 
nortliern  part  of  the  Castle  Mountains,  eastern  San  Ber- 
nardino County.  The  perlite  occurs  largely  in  a  zone 
exposed  low  on  the  north  slope  of  Hart  Peak  extending 
for  at  least  3,000  feet  along  the  northeast  flank  of  the 
peak.  The  zone  is  a  part  of  a  thick  section  of  Tertiary 
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Figure  8. 


acidic  volcanic  rocks  that  underlies  all  of  the  Castle 
Mountains.  Although  much  of  the  zone  is  covered  by  a 
mantle  of  talus,  individual  perlite  bodies  of  commercial 
interest  are  about  50  feet  in  maximum  thickness  and  as 
much  as  several  hundred  feet  long.  The  perlite  zone 
strikes  northeast  and  dips  moderately  northwest.  Both 
pumiceous  and  nonpumiceous  perlites  are  present  and 
of  commercial  value.  Locally  the  perlite  contains  sphe- 
roidal masses  of  rhyolite  and  veinlets  of  chalcedony.  The 
reserves  of  perlite  in  these  deposits  appear  to  be  large. 
The  perlite  is  mined  in  quarries  where  perlite  broken 
from  the  quarry  walls  by  blasting  is  loaded  into  trucks 
by  tractor  loaders  (Wright,  et  al.,  1953). 

Miscellaneous  Perlite  Deposits  in  California.  Perlite 
also  has  been  produced  from  several  other  deposits  scat- 
tered throughout  California.  A  deposit  near  Shoshone, 
Inyo  County,  has  yielded  a  few  hundred  tons  for  experi- 
mental purposes.  Several  hundred  tons  of  perlite  from 


deposits  in  the  El  Paso  Mountains,  eastern  Kern  County, 
were  mined  for  test  purposes  and  were  found  to  be  ac- 
ceptable for  the  manufacture  of  expanded  perlite.  Perlite 
deposits  in  the  Turtle,  the  Van  Winkle,  and  Newberry 
Mountains,  all  in  central  and  eastern  San  Bernardino 
County,  are  extensive  and  contain  large  reserves  of 
expansible  perlite  rock.  Large  deposits  of  expansible  per- 
lite also  exist  in  the  Little  Chuckwalla  Mountains,  east- 
ern Riverside  County. 

Perlite  deposits  in  the  Warner  Mountains,  near  Davis 
Creek,  Modoc  County,  are  among  the  first  to  be  explored 
and  mined  in  California.  These  too  contain  large  reserves 
of  expansible  perlite,  but  their  remoteness  from  process- 
ing plants  and  markets  has  retarded  their  development. 

In  addition  to  the  above-listed  deposits  of  perlite, 
others  are  scattered  throughout  California.  Many  of 
them  are  either  too  inaccessible  or  too  small  in  size  to 
be  developed  commercially.  Many  of  the  larger  deposits, 
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Vertical  perlite  processing  furnace  (Stein 
and  Murdock,  1955,  p.  12). 


although  readily  accessible  and  suited  to  cheap  mining 
methods,  consist  of  perlite  rock  that  is  not  suited  to 
present  methods  of  processing. 

MINING  AND   PROCESSING  OF  PERLITE 

As  perlite  is  a  low-cost  commodity  it  must  be  mined 
liy  open  pit  methods.  The  perlite  is  broken  by  blasting 


and  the  broken  rock  is  loaded  into  trucks  by  bulldozer 
or  power  shovel  and  transported  to  crushing  and  screen- 
ing plants  commonly  situated  near  the  quarry. 

The  preparation  of  perlite  for  use  as  an  aggregate  or 
for  other  purposes  involves  essentially  (1)  the  crushing 
of  the  perlite  rock,  (2)  carefully  sizing  it  and  (3)  ex- 
panding the  sized  material  in  a  furnace.  The  success  of 
a  given  processing  plant  depends  upon  several  factors 
of  which  the  more  important  are:  (1)  character  of  the 
perlite  rock,  (2)  temperature  at  which  the  perlite  ex- 
pands, (3)  extent  to  which  water  vapor  has  been  driven 
out  of  the  perlite  particles  before  the  softening  point  is 
reached,  and  (4)  size  distribution  of  the  perlite  fed  into 
the  furnace  (Stein  and  Murdock,  1955,  p.  105).  In  gen- 
eral three  types  of  furnaces  are  used  to  expand  perlite. 
They  are  the  horizontal  stationary  furnace,  the  cocurrent 
rotary  furnace,  and  the  vertical  furnace.  Gas  is  the  most 
commonly  used  fuel  in  each  type.  In  the  eastern  part 
of  the  United  States  where  low-cost  gas  is  unavailable, 
the  furnaces  are  oil-fired. 

In  processing  perlite,  the  sized  perlite  rock  is  fed 
into  the  furnace,  heated  to  temperatures  of  1800°  to 
2000°  F.,  and  ejected  within  a  few  seconds.  The  hot, 
expanded  perlite  is  collected  in  an  end-chamber  which 
feeds  the  hot  perlite  into  a  collecting  system  consisting 
of  a  bank  of  cyclones.  In  the  cyclones  the  perlite  is 
cooled  and  separated  into  the  various  size  fractions  and 
bagged.  The  vertical  furnace  is  in  common  use  through- 
out the  United  States.  Expanded  perlites  ordinarily 
weigh  from  3  to  20  pounds  per  cubic  feet  or  from 
/4o  to  i  the  density  of  the  sized,  unfired  material. 


Figure  10.     Interior  view  of  vertical  perlite  processing  plant  operated  l>y  Panacalite  Pacific, 
Inc.,  Los  Angeles.  Photo  hy  Alexander  Commercial  Photo  Service,  Los  Angeles. 
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UTILIZATION   OF  PUMICE,  PUMICITE,  VOLCANIC 
CINDERS  AND  PERLITE 

Of  the  71,000  short  tons  of  pumice  produced  in  Cali- 
fornia in  1955,  approximately  92  percent  or  65,320  short 
tons  were  used  as  aggregate  in  concrete,  4  percent  or 
2,840  short  tons  for  abrasive,  3  percent  or  2,130  short 
tons  for  miscellaneous  uses  such  as  filtering,  road  surfac- 
ing and  ice  control,  absorbents,  and  soil  conditioners, 
and  one  percent  or  710  short  tons  for  acoustical  and 
insulating  plaster  aggregate. 

Concrete  that  contains  a  pumice  aggregate  ordinarily 
weighs  from  60  to  80  pounds  per  cubic  foot,  whereas  con- 
ventional concrete  made  of  sand  and  gravel  weighs  from 
140  to  150  pounds  per  cubic  foot.  Other  advantages  to 
pumice  concrete  over  conventional  concrete  are  (1)  im- 
proved heat  and  sound  insulation,  (2)  more  fire  resist- 
ance and  can  withstand  a  much  wider  temperature  range 
without  disintegrating,  (3)  ability  to  be  sawed  and 
nailed,  and  (4)  greater  freeze  and  thaw  resistance 
(Chandler,  1955,  p.  3). 

The  pumice  used  as  an  abrasive  is  produced  in  ground 
and  block  form.  Pumice  is  valued  as  abrasive  because, 
if  pure,  it  consists  of  angular  and  sized  fragments  of 
uniform  hardness.  Only  the  purest  grades  are  used  as 
abrasives,  and  these  must  be  free  from  all  materials 
harder  than  glass.  Only  a  very  small  part  of  the  pumice 
is  pure  enough  for  use  as  an  abrasive.  Ground  pumice 
is  used  as  an  abrasive  agent  in  tooth  paste,  metal 
polishes,  hand  soaps,  rubber  erasers,  and  in  the  abrading 
and  polishing  of  hard  rubber  and  fiber  board.  The  pum- 
ice used  in  metal  polishes  and  tooth  paste  is  ground  to 
th£  finest  particle  size,  usually  minus  140  to  200  mesh. 
That  used  in  finishing  woodwork  ranges  in  size  from 
minus  80  to  minus  100  mesh.  Pumice  scouring  bricks 
and  grill  cleaners  are  cut  from  lump  pumice  which  has 
uniform  texture  and  hardness,  and  is  devoid  of  hard, 
dense,  glassy  bands.  Two  sizes  of  bricks  are  produced, 
3"  X  3"  X  6"  and  4"  x  4"  x  8".  Saw  cuttings  and  pumice 
dust  are  collected  and  marketed  as  abrasive  pumice. 
Reject  and  scrap  pumice  is  stockpiled  near  the  plant, 
and  a  limited  amount  of  this  material  is  shipped  east 
where  it  is  ground  and  marketed  as  an  abrasive. 

Some  pumice  has  been  used  as  a  soil  conditioner  and  in 
hydroponics.  As  a  soil  conditioner  the  functions  of  the 
pumice  are  to  render  the  soil  more  porous  and  arable. 
In  hydroponics  the  pumice,  because  of  its  absorptive  na- 
ture, acts  as  a  medium  through  which  the  plants  grow 
and  from  which  they  extract  the  required  chemical  and 
moisture  for  growth. 

Most  of  the  pumicite  mined  in  California  is  consumed 
by  the  agricultural  industry  where  the  pumicite  is  used 
as  an  insecticide  and  pesticide  carrier.  Pumicites,  in  gen- 
eral, have  pH  values  ranging  from  5.4  to  8.9,  and  form 
a  suitable  diluent  for  such  active  poisons  as  DDT,  rote- 
none,  pyrethrum,  cryolite,  nicotine,  sulfur,  and  arse- 
nates; all  very  effective  in  combating  and  destroying 
chewing  insects  (Moretti,  1947).  The  specifications  for 
insecticide  carriers  are  rigid.  For  pumicite,  the  dry 
screen  analysis  should  be  90  to  99  percent  passing  325 
mesh.  Average  particle  size  as  well  as  the  range  of  par- 
ticle size  is  closely  controlled.  The  bulk  density  in  the 
range  of  35  to  45  pounds  per  cubic  foot  for  ground  dust- 
ing carriers  and  at  about  60  pounds  per  cubic  foot  for 
airplane  dusting  carriers. 


Both  pumicite  and  ground  pumice  are  used  as  admixes 
in  the  manufacture  of  cement.  Cements  that  contain 
either  pumice  or  pumicite  resist  the  corrosive  action  of 
sea  water,  and  are  therefore  extremely  useful  in  the 
construction  of  salt  water  concrete  structures.  In  recent 
years,  pumicite  has  received  considerable  attention  as 
a  ceramic  raw  material  because  (1)  it  is  a  low-cost  ma- 
terial, (2)  requires  little  or  no  grinding  to  prepare  it 
for  use,  and  (3)  imparts  the  ceramic  bodies  a  toughness 
and  freedom  from  warpage  over  wide  firing  ranges  (Ce- 
ramic Industry,  1953,  p.  134).  Pumicite  can  be  used  in 
glazes,  glass,  enamels,  and  in  the  bodies  of  sewer  pipe 
and  other  forms  of  pottery.  "When  used  in  glazes,  it  is 
roughly  equivalent  to  a  material  composed  of  70  percent 
orthoelase  and  30  percent  flint.  As  most  pumicite  eon- 
tains  small  amounts  of  iron,  the  use  of  pumicite  is  re- 
stricted to  colored  glasses,  fiber  glass,  and  ceramic 
bodies  that  need  not  be  white. 

About  80  percent  of  the  perlite  produced  and  ex- 
panded in  California  is  used  as  aggregate  in  plaster.  In 
this  use  it  replaces  sand  and  makes  a  plaster  that  is 
lightweight,  has  good  acoustic  and  thermal  insulating 
properties,  is  fireproof,  resilient,  nailable,  sawable,  and 
has  good  bonding  properties.  Perlite  has  been  used  as 
aggregate  in  concrete  for  roof  decks,  beams,  building 
blocks,  prefabricated  units,  and  floors.  Its  relatively  low 
compressive  strength,  however,  has  generally  prevented 
its  use  in  blocks,  bricks,  beams,  and  stress-bearing  mono- 
lithic walls.  Perlite  also  is  used  as  a  loose-fill  insulation 
between  wall  studs,  around  steam  pipes,  in  refrigeration 
cars,  and  deep  freezers.  It  also  is  employed  as  loose-fill 
medium  for  imbedding  hot-steel  ingots  during  shipping. 
As  a  constituent  of  foundry  sand,  perlite  improves  the 
casting  properties  of  the  sand  and  prevents  excessivel\- 
rapid  cooling  of  the  mold. 

Fines  obtained  during  the  processing  of  perlite  are 
being  employed  as  fillers  in  rubber  goods,  cleansing  com- 
pounds, paints,  glazed  building  tile,  sandwich  boards, 
metal-surface  plaster,  porous  supports  for  catalysts  and 
chemicals  in  gaseous  reactions,  in  refractory  brick,  for 
filtering  fruit  juices,  dry-cleaning  compounds,  alcoholic 
beverages,  and  other  chemicals  (North,  1955,  p.  4). 

Of  the  708,481  short  tons  of  volcanic  cinders  produced 
in  California  in  1955,  about  85  percent  were  consumed 
by  railroads  as  ballast  and  bank-widening.  The  remaining 
15  percent  was  used  as  aggregate  in  concrete  building 
blocks,  in  stucco,  roofing  granules,  decorative  stone  m 
gardens,  as  a  conditioner  for  soils,  and  in  highway  con- 
struction. Concrete  aggregate  material,  commonly  in  the 
size  range  from  minus  5/16-inch  to  12  mesh,  is  shipped 
directly  to  the  consumer  either  by  rail  or  truck.  Roofing 
granules,  for  use  in  built  up  asphalt-based  roofs,  are  sold 
in  bulk  in  ear  or  truekload  lots;  some  are  later  sacked 
by  distributors  for  sale.  Material  smaller  than  12-mesh 
is  sold  for  agricultural  use.  Its  action  is  to  hold  the  soil 
and  keep  it  friable ;  little  or  no  nutritive  value  is  claimed 
for  the  volcanic  cinders. 

MARKETING 

Most  of  the  pumice,  pumicite,  and  volcanic  cinder 
mines  in  California  are  operated  by  firms  that  also  op- 
erate processing  plants  and  sell  the  products  directly  to 
the  consumer  or  to  contractors  and  distributors.  As  such 
firms   ordinarily  do   not   purchase   crude   material,   no 
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Figure  11.  Oblique  aerial  view  of  the  southern  Coso  Range,  Inyo  County,  showing  pumioe  pits  of  the  Crownite  Coipuration,  1 — Ray 
'!ill  #31,  2 — Ray  Gill  #13,  and  3 — Ray  Gill  #7,  and  the  general  geology  in  which  plio-Pleistocene  volcanic  rocks  consisting  of  flows  and 
cinder  cones  of  basalt  (B),  domes  of  perlite  (in  part  obsidian)  (P),  and  layers  of  lacustrine  sedimentary  rocks  including  pumice  tuffs  (Ls) 
rest  upon  a  deeply  eroded  basement  of  pre-Cretaceous  granitic  and  metamorphic  rocks  (Br).  The  pumice  tuffs  in  the  lacustrine  sedimentary 
rocks  represent  the  earliest  periods  of  volcanic  activity.  The  perlite  was  emplaced  at  a  much  later  date  as  volcanic  plugs,  and  the  basalt 
(lows  and  cinder  cones  probably  represent  a  more  recent  volcanic  activity.  Alluvium  (Qal)  covers  much  of  the  geology  and  fills  shallow, 
liroad  valleys.  Observer  faces  northeast.  Photograph  courtesy  of  White's  Studio,  North  Hollywood,  California.  Reprinted  from  Division  of 
Mines  Bulletin  174,  fiff-  73. 
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ready  market  exists  in  California  for  untreated  pumice, 
pumicite  and  volcanic  cinders.  On  the  other  hand,  most 
of  the  perlite  quarried  in  California  is  sold  by  the  mine 
operators  to  other  concerns  which  expand  it  and  market 
the  finished  product.  Of  the  three  concerns  mining  per- 
lite in  California,  two  process  their  own  rock  as  well  as 
supply  the  market  with  graded  perlite  ore,  and  the  third 
prepares  the  perlite  only  for  other  expanding  firms.  No 
perlite  is  sold  in  California  in  the  crude,  ungraded  form. 
The  independent  owner  of  a  deposit  of  any  of  these 
volcanic  materials,  in  order  to  realize  a  profit  from  his 
holdings,  usually  must  either  lease  or  sell  his  deposit  or 
attempt  to  mine  and  process  and  market  the  materials 
himself. 

The  mining  of  all  of  these  volcanic  materials  is  a  field 
that  has  developed  largely  by  rather  small  operations 
that  have  required  much  smaller  capital  investments 
than  those  of  most  other  mineral  commodities.  In  1955, 
thirty-six  operations  existed  in  California  whereas  there 
were  17  in  1945.  The  field  is  highly  competitive  and 
many  operations  have  been  short-lived  because  competi- 
tive operations  nearer  markets  were  developed. 

In  1956,  California  pumice  for  aggregate  purposes  was 
valued  from  $2.00  to  $6.00  per  short  ton  at  the  plant. 
Pumice  specialty  products  including  acoustical  granules, 
have  demanded  high  prices  and  the  cost  at  the  plant 
ranges  from  $15.00  to  $30.00  per  ton  bagged.  Pumice  for 
use  as  acoustical  plaster  aggregate  sold  for  $24.00  to 
$31.00  per  ton  at  the  plant.  Since  1945,  the  pumicite  used 
as  diluent  and  insecticide  carrier  has  consistently  sold 
within  the  range  of  $15.00  to  $20.00  per  ton  in  carload 
lots  at  the  plant. 

In  1956,  ground  perlite  rock  ready  for  expansion  sold 
at  the  plant  for  about  $6.00  per  short  ton.  Expanded 
perlite,  on  the  other  hand,  claims  a  much  higher  price 
and  in  1954  was  valued  at  $43.00  per  short  ton  at  the 
expanding  plant.  Expanded  perlite  is  packaged  in 
4-cubic  foot  multi-wall  paper  bags  and  shipped  in  truck 
or  carload  lots  to  the  distributor  or  contractor. 


In  1956,  volcanic  cinders  for  use  as  railroad  ballast 
and  highway  construction  were  valued  from  $0.18  to 
$1.71  per  ton  at  the  mine.  Cinders  used  for  concrete 
aggregate  were  valued  from  $0.50  to  $2.10  per  short  ton, 
and  cinders  used  as  roofing  granules  were  valued  at  $3.00 
to  $5.00  per  short  ton  in  bulk,  f  .o.b.  the  plant. 
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PYRITES 

By  Charles  W.  Chesterman 


For  many  years,  California  has  been  one  of  the  eight 
jrincipal  pyrite-produeing  states  and  in  1952  ranked  the 
'ourth  in  pyrite  production.  The  chief  use  of  pyrites  is 
n  the  manufacture  of  sulfuric  acid,  which  is  being  used 
n  oil  refining,  the  chemical  industries,  and  manufacture 
)f  fertilizer. 

Mineralogy  and  Geology.  Pyrites  is  a  general  name 
ipplied  to  a  group  of  iron-sulfide  minerals  including 
jyrite  (FeSo),  marcasite  (PeS2),  and  pyrrhotite 
(Fei_jS,  with  x  between  0  and  0.2)  (Palaehe,  et  al., 
L944,  p.  223).  Both  pyrite  and  marcasite,  when  pure, 
jontain  46.55  percent  iron  and  53.45  percent  sulfur. 

Pyrites,  especially  pyrite,  are  widespread  in  their  oc- 
3urrence.  Pyrite  is  found  as  scattered  grains  in  prac- 
tically all  types  of  rocks.  It  is  most  common  as  a  gangue 
mineral  in  metallic  ore  deposits,  but  these  are  rarely 
mined  for  their  pyrite.  Only  massive  deposits  of  pyrite 
liave  been  mined  for  their  sulfur  content. 

Marcasite  occurs  under  many  of  the  same  conditions 
as  pyrite  although  it  is  not  as  common  a  mineral  in 
metalliferous  veins  or  crystalline  rocks.  Marcasite  is 
easily  decomposed  and  alters  to  brown  limonite  upon 
ihort  exposure  in  a  moist  environment.  As  it  does  not 
occur  in  large  masses,  it  has  not  been  an  important  ore 
of  sulfur.  Pyrrhotite  is  commonly  associated  with  chal- 
eopyrite,  pyrite,  magnetite,  pentlandite,  and  molybde- 
nite. It  commonly  occurs  in  large  masses  or  pipes  of 
massive  ore  in  such  igneous  rocks  as  gabbro,  norite,  or 
peridotite  (as  in  the  large  nickeliferous  pyrrhotite  de- 
posits at  Sudbury,  Ontario),  or  in  metamorphic  rocks 
with  molybdenite,  or  in  veins,  or  in  pegmatites.  Of  these 
iron-sulfide  minerals,  pyrite  has  by  far  the  greatest  com- 
mercial importance. 

In  order  for  a  sulfide  deposit  in  California  to  be  of 
commercial  value  for  its  sulfur  content,  the  marketed 
ore  generally  should  contain  from  42  to  47  percent  sul- 
fur, although  pyrite-bearing  ore  containing  as  little  as 
30  percent  sulfur  can  be  treated  successfully  (Fairlie, 
1936,  p.  74). 

Most  bodies  of  massive  sulfides  contain  minor  im- 
purities such  as  arsenic,  copper,  silver,  zinc,  lime  and 
magnesia,  all  of  which  render  sulfur  unavailable  to  the 
manufacture  of  sulfuric  acid.  This  process,  which  is  de- 
scribed in  the  sections  on  sulfur  and  sulfuric  acid  in  this 
volume,  involves  the  burning  of  pyrite  and  the  libera- 
tion of  sulfur  dioxide  gas.  The  zinc,  copper,  lime  and 
magnesia  combine  with  sulfur  and  oxygen  to  form  sul- 
fates thus  causing  the  sulfur  to  remain  in  the  cinder 
Band  unavailable.  The  arsenic  in  the  sulfide  ore  is  ob- 
jectionable because  of  its  corrosive  effects  on  the  lead 
walls  in  the  chambers  and  flues  of  plants,  and  it  lowers 
the  quality  of  the  sulfuric  acid  (Fairlie,  1936,  p.  75). 

Most  of  the  world's  pyrites  output  is  mined  in  the 
United  States,  Australia,  Canada,  Cyprus,  Japan,  Nor- 
way, and  Spain.  The  pyrites  of  commercial  interest  gen- 
erally occur  in  lenticular  to  very  irregular  bodies  en- 
closed in  metasedimentary  and/or  meta-igneous  rocks. 
They  exist  mostly  as  replacement  deposits,  and  have  sul- 
fur contents  in  the  general  range  of  35  to  50  percent. 
The  largest  deposits,  including  those  in  Spain,  Australia, 
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and  Cyprus  contain  ore  that  is  measureable  in  millions 
of  tons. 

California  Deposits.  Most  of  the  pyrite  mined  in 
California  has  come  from  bodies  of  massive  sulfides  in 
the  West  Shasta  copper-zinc  district,  Shasta  County.  At 
least  13  mines  in  this  district  have  contributed  pyrite 
to  the  sulfuric  acid  industry,  and  all  of  them  are  in  a 
northeast-trending  belt,  10  miles  long  and  3  miles  wide, 
about  15  miles  northwest  of  Redding. 

The  massive  sulfide  deposits  of  the  "West  Shasta  dis- 
trict occur  in  a  porphyritic  facies  of  the  Balaklala  rhyo- 
lite  (Devonian)  which  consists  principally  of  silicic  flows 
and  interlayered  pyroclastic  rocks  (figure  2).  The  sulfide 
ore  bodies  are  lenticular  in  shape  and  range  in  size  from 
a  few  thousand  tons  to  more  than  5,000,000  tons.  Their 
distribution  is  controlled  by  folds  and  pre-mineral  faults 
in  the  Balaklala  rhyolite.  Pyrite  is  the  principal  sulfide 
mineral  in  the  ore  bodies  and  most  of  them  contain  some 
copper,  zinc  and  silver  (Kinkel  and  Albers,  1951).  The 
Iron  Mountain  mine  of  the  Mountain  Copper  Company 
of  California  has  been  the  principal  source  of  pyrite  in 
the  West  Shasta  copper-zinc  district  and  in  California 
as  well.  At  this  mine,  the  pyrite  is  now  removed  by  open- 
pit  methods.  At  a  mill  near  the  mine  the  ore  is  crushed 
and  screened  for  shipment  to  sulfuric  acid  manufac- 
turers in  the  San  Francisco  Bay  area  (see  sections  on 
copper  and  zinc  in  this  volume). 

Mining  in  the  West  Shasta  copper-zinc  district  dates 
back  to  the  early  1860 's  when  large  outcrops  of  gossan 
on  Iron  Mountain  were  staked  as  iron  ore.  Silver  wds 
discovered  in  the  gossan  in  1879  and,  at  that  time,  a  little 
interest  was  shown  in  the  chalcopyrite  and  massive  sul- 
fides discovered  during  the  prospecting  for  gold  and 
silver.  In  1895  a  thorough  prospecting  of  Iron  Mountain 
indicated  large  bodies  of  copper-bearing  sulfides,  and  in 
the  same  year  the  Mountain  Copper  Company,  Ltd.  ac- 
quired the  property  and  began  mining  the  massive  sul- 
fide ore  for  copper.  By  1950,  more  than  6,000,000  tons 
of  massive  sulfide  ore  had  been  mined  at  Iron  Mountain 
and  at  least  3,600,000  tons  of  pyrite  were  mined  for  use 
in  the  manufacture  of  sulfuric  acid  (Kinkel  and  Albers, 
1951,  p.  8). 

Alameda  County  is  probably  the  only  other  county  in 
California  from  which  pyrite  has  been  produced  com- 
mercially. Pyrite  mining  in  Alameda  County  started 
about  1891  and  continued  almost  uninterrupted  into 
1934.  During  this  period  of  operation,  the  pyrite  mines 
yielded  a  total  production  of  over  250,000  tons  of  pyrite 
which  averaged  about  46  percent  sulfur,  40  percent  iron, 
2  to  3  percent  copper,  and  about  $2.00  per  ton  of  gold. 

The  pyrite  deposits  in  Alameda  County  occur  in  the 
Leona  rhyolite  (Plio-Pleistocene  in  age)  which  crops  out 
as  a  narrow,  discontinuous  belt  along  the  west  flank  of 
the  Berkeley  Hills  from  Berkeley  southward  to  Decoto. 
The  Leona  rhyolite  is  both  intrusive  and  extrusive  in 
character.  The  pyrite  ore  bodies  consist  of  a  series  of 
irregular  lenses  of  massive  sulfide  composed  principally 
of  pyrite  with  minor  amounts  of  chalcopyrite,  chalcocite, 
bornite,  and  sphalerite.  Several  secondary  minerals  such 
as   blue   pisanite,   greenish-blue   chalcanthite   and   pale 


450 


Bulletin  176 — Mineral  Commodities  of  California 


1.  IRON    MOUNTAIN      (PYRITE) 

2.  ISLAND    MOUNTAIN      (PYRRHOTITE) 

3.  BOSS     SAN    JUAN      (PYRITE) 

4.  SPENCEVILLE      (PYRITE) 

5.  LEONA    HEIGHTS        (PYRITE) 

6.  JULIAN -CUYAMACA     (PYRRHOTITE) 


'»f>.\co 


Figure  1.     Index  map  of  California  showing  location  of  principal  pyrite-  and  pyrrhotite-producing  areas. 
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FiGUEE  2.     Map  of  the  Iron  Mountain  mine,  West  Shasta  copper-zinc  district,  Shasta  County,  showing  mines  plan,  and  longitudinal 
and  cross-sections  of  massive  sulfide  ore  bodies.  (After  Kinkel  and  Albers,  1951.) 


Mcen  melanterite  are  present  in  the  oxidized  portions 

'  the  ore  bodies  and  in  the  mine  workings. 
IVo   commercial   pyrite   mines,    the   Alma   and   the 

I'ona,  were  developed  in  the  area  (Davis,  1950,  p.  306). 
riie  Alma  mine  was  developed  by  more  than  5,000  feet 
if  tunnels  and  drifts  and  was  operated  almost  eontinu- 

iisly  from  1891  to  1920  by  the  Stauffer  Chemical  Com- 

aiiy.  The  pyrite  was  used  in  the  manufacture  of  sulfuric 
uid.  The  sinter,  following  roasting,  was  leached  to  re- 
over  the  copper  and  silver  content.  The  Leona  mine 
vas  developed  by  more  than  3,000  feet  of  workings 
[Huguenin  and  Castello,  1920,  p.  33)  and  was  in  almost 
ontinuous  operation  from  1895  to  1934  when  it  was 
lermanently  closed.  The  Leona  Mining  Company  worked 
he  mine  and  sold  pyrite  ore  to  the  Stauffer  Chemical 
Company  for  manufacture  of  sulfuric  acid  (Davis,  1950, 
).  306). 

Although  none  of  the  mines  in  the  foothill  belt  of  the 
Sierra  Nevada  have  been  mined  exclusively  for  pyrite, 
I  few  mines,  especially  the  copper  mines,  have  yielded 
3yrite  as  a  by-product.  The  Speneeville  copper  mine  at 
Speneeville,  Nevada  County,  is  credited  with  being  the 
irst  mine  in  the  state  to  yield  pyrite  for  the  manufacture 
)f  sulfuric  acid.  The  Speneeville  copper  mine  was 
jpened  early  in  the  1860 's  and  was  in  almost  continuous 
operation  to  about  1900.  During  this  period,  it  produced 
150,000  tons  of  ore  averaging  about  5  percent  copper 
ind  between  $3.50  and  $4.50  per  ton  in  gold  and  silver. 
The  ore,  consisting  largely  of  pyrite,  some  chalcopyrite 
md  a  trace  of  gold  and  silver,  occurs  in  a  series  of  veins 
near  the  contact  of  diorite  and  granodiorite.  Most  of 
the  mining  was  done  in  the  main  footwall  vein  which 


measured  300  feet  in  length,  15  to  55  feet  wide,  and 
mined  to  a  depth  of  150  feet  (Aubury,  1905,  p.  164). 
The  shaft  is  reported  to  have  bottomed  in  massive  pyritic 
sulfides. 

The  Boss  San  Juan  mine,  about  13  miles  northeast  of 
Nevada  City,  Nevada  County,  also  contains  sizeable 
bodies  of  massive  sulfides.  The  ore  consists  of  lenticular 
bodies  of  pyrite  in  foliated  greenstones  of  the  Calaveras 
formation.  The  pyrite  lenses  dip  steeply  from  70  to  80 
degrees  and  are  parallel  to  the  foliation  of  the  green- 
stone. The  lenses  range  in  length  from  200  to  600  feet, 
20  to  100  feet  in  width  and  have  been  prospected  to 
about  400  feet  in  depth.  The  ore  consists  largely  of 
pyrite,  some  quartz,  0.3  to  0.6  ounce  gold  per  ton  and 
averages  about  4  percent  copper.  Mining  and  explora- 
tion has  outlined  an  area  about  4,000  feet  long,  500  feet 
wide  and  400  feet  deep  which  appears  to  contain  most 
of  the  pyrite  lenses  (Frederick,  F.  H.,  1956,  personal 
communication)  and  which  are  estimated  to  contain  in 
excess  of  3,000,000  tons  of  pyrite  at  40  percent  sulfur. 
By  selective  mining  and/or  benefication  of  the  pyrite, 
the  ore  could  be  upgraded  to  50  percent  sulfur. 

Massive  sulfide  bodies  composed  essentially  of  pyrrho- 
tite  with  minor  amounts  of  chalcopyrite  and  pyrite  occur 
in  Orange,  San  Diego  and  Trinity  Counties.  At  the  Fri- 
day mine  in  the  Julian  mining  district,  San  Diego 
County,  an  irregular  mass  of  nickel-bearing  pyrrhotite 
is  at  the  contact  between  gabbro  and  fine-grained  mica 
schist.  This  deposit  (figure  3)  has  been  developed  to  a 
depth  of  180  feet  and  contains  on  the  average  of  2.0  per- 
cent nickel,  from  0.5  to  1.0  percent  copper  and  may  be 
a  potential  source  of  sulfur  (Creasey,  1946,  pp.  25-27). 
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Figure  3.     Geologic  map  and  sections  of  the  Friday  mine,  near  Julian,   San  Diego  County.    (After  Creasey,  1946.) 


A  large  body  of  massive  sulfide  occurs  at  Island 
Mountain  on  the  Eel  Eiver,  northwest  Trinity  County. 
This  deposit,  which  contains  pyrrhotite  as  the  only  signi- 
ficant ore  mineral,  is  an  irregular  body  in  sedimentary 
rocks  of  the  Franciscan  (Jurassic-Cretaceous)  forma- 
tion. The  ore  mined  to  date  has  averaged  about  3.5  per- 
cent copper,  1.5  ounces  silver  and  $2.00  gold  per  ton  of 
sulfides.  Minor  amounts  of  nickel  and  zinc  are  also  pres- 
ent (Stinson,  1955).  The  pyrrhotite  ore,  measuring  about 
160,000  tons,  was  shipped  to  a  copper  smelter  at  Tacoma, 
Washington  and  used  as  a  flux  in  the  smelting  of  copper 
ores.  The  mine  was  in  continuous  operation  for  12  years 
and  was  closed  down  in  1930. 


In  general,  such  ore  is  not  considered  to  be  a  poten- 
tial source  of  sulfur,  as  pyrrhotite  contains  no  more 
than  39.2  percent  sulfur  which,  moreover,  is  difficult  to 
recover. 

Utilization.  For  many  years,  pyrites  have  been  a 
source  of  raw  material  for  the  manufacture  of  sulfuric 
acid  (see  section  on  sulfur  and  sulfuric  acid  in  this  vol- 
ume) which  is  used  extensively  in  the  chemical  industry, 
in  oil  refining,  in  the  manufacture  of  fertilizers,  and  in 
the  food  processing  industry. 

Prior  to  1920,  the  bulk  of  the  sulfuric  acid  manu- 
factured and  consumed  in  the  United  States  was  made 
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Figure  4.     Mining  pyrite  by  open  pit  mining  metliods  at  the  Iron  Mountain  mine  of  the 
Mountain  Copper  Company,  Shasta  County,  California. 
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from  the  roasting  of  pyrites.  With  the  successful  devel- 
opment of  the  Fraseh  process  of  sulfur  mining,  the  pyrite 
industry  has  languished  because  of  the  preference  of 
acid  manufacturers  for  elemental  sulfur.  In  spite  of  the 
increases  in  production  of  the  Fraseh  sulfur,  pyrites  are 
still  being  imported  into  the  United  States,  from  Austra- 
lia, Canada,  Cyprus,  Portugal  and  Spain  through  cus- 
toms districts  in  the  eastern  United  States.  Most  of  the 
sulfuric  acid  produced  from  the  pyrites  mined  in  Shasta 
County  is  consumed  by  industries  in  the  San  Francisco 
Bay  area. 

Specifications  and  Prices.  Specifications  for  pyrite 
are  usually  determined  by  agreement  under  contract 
between  the  producer  and  the  consumer.  As  pyrite  ore 
is  valuable  only  for  its  content  of  available  sulfur,  the 
ore  should  contain  only  minor  amounts  of  copper,  zinc, 
lead,  antimony,  calcium,  magnesium,  fluorine  and  chlo- 
rine. For  each  percent  of  copper  in  an  ore,  there  will  re- 
main in  the  cinder  0.05  percent  sulfur ;  of  zinc,  0.5  per- 
cent sulfur;  of  lead,  0.15  percent  sulfur;  of  lime  (CaO), 
0.57  percent  sulfur;  and  of  magnesium  (MgO),  0.80  per- 
cent sulfur  (Fairlie,  1936,  p.  75).  For  example,  an  ore 
that  assays  44  percent  sulfur,  but  also  contains  3  percent 
zinc,  2  percent  copper  and  0.5  percent  lime,  could  contain 
41.22  percent  available  sulfur.  This  is,  however,  based 
upon  the  assumption  that  all  of  the  sulfur  is  converted 
into  sulfates,  and  this  is  rarely  true.  Ores  were  formerly 
classed  as  lump  and  fines.  Lump  ore  ranged  in  size  from 
2  to  10  inches  and  was  supposed  to  contain  not  more  than 
10  percent  minus  -J-  or  f-inch  screens.  However,  with 
the  development  of  new  roasting  equipment  and  tech- 
niques, it  is  now  possible  to  utilize  the  smaller  sizes  suc- 
cessfully. 

The  pyrite  ore  shipped  to  sulfuric  acid  manufacturers 
in  the  $an  Francisco  Bay  area  from  the  deposits  of 
the  Mountain  Copper  Company  of  California  in  Shasta 
County  is  all  crushed  to  minus  |-inch  mesh. 


The  present  (1956)  market  for  pyrites  in  California  is 
limited  to  two  sulfuric  acid  manufacturers. 

The  average  value  for  all  domestic  pyrite  in  1955  was 
$6.00  per  long  ton.  In  March,  1956,  Canadian  pyrites, 
f.o.b.  works,  per  long  ton,  sold  for  $3.00  to  $5.00,  and 
domestic  pyrites  at  the  consumer's  plant,  per  long  ton, 
sold  for  $9.00  to  $11.00  (Oil,  Paint  and  Drug  Reporter). 
California  pyrites  in  1956  sold  in  the  general  price 
range  of  $11.00  to  $15.00  per  short  ton,  f.o.b.  the  mine. 
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PYROPHYLLITE 


By  Lauben  a.  Weight 


The  commercial  mining  of  pyrophyllite  in  California 
began  in  1945,  and  through  1956  had  produced  an  esti- 
mated 85,000  tons  of  the  mineral.  Most  of  this  output 
has  been  obtained  from  a  single  quarry  in  pre- Cretaceous 
metamorphic  rocks  of  the  White  Mountains  in  Mono 
County.  The  remainder  has  been  mined  in  smaller  oper- 
ations in  Mono,  Inyo,  San  Bernardino,  and  San  Diego 
Counties.  In  1956,  California  ranked  second  to  North 
Carolina  as  a  domestic  source  of  pyrophyllite.  The  pyro- 
phyllite produced  in  California  has  been  used  as  an 
insecticide  carrier  and,  less  abundantly,  as  a  paint  ex- 
tender, ceramic  raw  material,  and  filler. 

Mineralogy  and  Geologic  Occurrence.  Pyrophyllite 
(Al2Si40io(OH)2)  closely  resembles  talc  in  appearance 
and  physical  properties  and  the  two  minerals  are  used 
similarly  (see  section  on  talc  in  this  volume).  As  pyro- 
phyllite contains  aluminum  instead  of  magnesium,  it  is 
best  distinguished  from  tale  by  a  positive  test  for  alum- 
inum. It  is  distinguished  from  most  other  minerals  by 
its  softness  (1  to  2  on  Mohs'  scale)  and  by  a  micaceous 
habit.  Some  pyrophyllite,  however,  is  massive  and  some 
occurs  as  clusters  of  radiating  needles.  The  pyrophyllite 
of  commerce  generally  is  a  schistose  rock  that  consists  of 
a  fine-grained  mixture  composed  mostly  of  the  mineral 
pyrophyllite  and  containing  quartz  and  sericite  as  the 
most  abiandant,  but  not  necessarily  deleterious,  impur- 
ities. 

Most  pyrophyllite  deposits  of  commercial  interest  are 
hydrothermal  alterations  of  acidic  volcanic  rocks.  Such 
large-scale  pyrophyllitization  ordinarily  has  involved  the 
introduction  of  aluminum  and  commonly  has  been  pre- 
ceded or  accompanied  by  silicification. 

The  best  known  and  most  extensively  worked  pyro- 
phyllite deposits  in  the  United  States  are  in  North 
Carolina.  Here  lenses  of  pyrophyllite,  as  much  as  1500 
feet  long  and  500  feet  wide  (Burgess,  1949,  p.  757)  occur 
in  a  series  of  tightly  folded  and  metamorphosed  volcanic 
and  sedimentary  rocks.  The  alteration  appears  to  have 
been  the  most  intense  in  shear  zones  localized  in  the 
more  silicic  of  the  volcanic  rocks  (Stuckey,  1925).  For 
many  years  these  deposits  have  contributed  most  of  the 
pyrophyllite  that  is  mined  and  consumed  in  the  United 
States. 

Localities  in  California.  All  but  a  very  small  part  of 
the  pyrophyllite  mined  in  California  to  date  has  been 
obtained  from  three  relatively  small  areas — one  in  south- 
(^astern  Mono  County,  another  in  west-central  San  Ber- 
nardino County,  and  the  third  in  west-central  San  Diego 
County.  A  deposit  near  Pish  Springs,  Inyo  County,  also 
has  been  worked.  Excellent  specimens  of  radiated  pyro- 
phyllite have  been  found  in  the  western  foothills  of  the 
Sierra  Nevada,  but  the  mineral  has  not  been  mined 
commercially  in  this  area. 

The  pyrophyllite  deposits  of  Mono  County  lie  low 
along  the  west  face  of  the  White  Mountains  in  the  belt 
i)f  pre-Cretaeeous  metamorphosed  volcanic  and  sedimen- 
tary rocks  that  also  contains  the  andalusite  deposits  de- 
scribed elsewhere  in  this  volume.  The  most  productive 
single  source  of  pyrophyllite  in  this  belt,  and  in  Cali- 


fornia as  well,  is  the  Pacific  mine  (fig.  2)  about  16  miles 
north  of  Laws. 

The  Pacific  mine  appears  to  be  on  the  largest  of  the 
pyrophyllite  bodies  that  have  been  worked  in  California 
to  date.  The  deposit  trends  northwestward  and  dips 
steeply  southwestward,  is  about  200  feet  wide,  and  ap- 
parently extends  for  at  least  several  hundred  feet  in 
both  directions  beyond  the  limits  of  the  present  workings. 
It  consists  largely  of  schistose,  very  friable  rock  that 
is  composed  predominantly  of  pyrophyllite.  Quartz-rich 
waste  rock  has  been  encountered  in  a  layer  20  to  30  feet 
thick  near  the  center  of  the  body.  Most  of  the  pyrophyl- 
lite schist  is  iron-stained  to  shades  of  red,  orange,  or 
yellow.  Some  masses,  however,  are  white  or  nearly  so, 
and  are  mined  selectively. 

The  Pacific  deposit  is  owned  and  operated  by  Huntley 
Industrial  Minerals,  Inc.  It  has  been  developed  by  a 
single  quarry  (fig.  1)  which  has  been  in  almost  con- 
tinuous operation  since  1945.  In  1956,  the  quarry  con- 
sisted of  several  irregularly  spaced  benches,  was  about 
150  feet  in  maximum  width  and  about  100  feet  in  total 
height.  The  pyrophyllite  is  mined  by  means  of  a  bull- 
dozer and  loader  and  is  trucked  to  a  mill  at  Laws. 

The  Colton  property,  about  2  miles  south  of  the 
Pacific  deposit  and  in  the  same  pyrophyllite-bearing  belt 
of  metamorphic  rocks,  has  been  worked  intermittently 
and  on  a  smaller  scale.  It  also  is  owned  and  operated  by 
Huntley  Industrial  Minerals,  Inc.  Previous  to  1955,  the 
mining  was  confined  to  several  small  cuts  near  the  floor 
of  a  canyon.  Here  a  pyrophyllitic  zone,  although  about 
200  feet  thick,  is  mixed  with  impure  quartzite  and  can- 
not be  mined  extensively  by  open-cut  methods.  In  1955, 
another  body  was  opened  at  a  locality  about  half  a  mile 
southeast  of  the  older  workings  and  high  on  the  south 
wall  of  the  canyon.  This  body  is  about  100  feet  in  max- 
imum thickness  and  is  at  least  several  hundred  feet  long. 
It  is  bordered  by  mica  schist  and  quartzite  and  contains 
quartzite  layers.  The  pyrophyllite  is  less  friable  and 
generally  less  discolored  than  that  at  the  Pacific  mine 
and  the  operators  report  that  it  is  suitable  for  use  as  a 
ceramic  material. 

The  Victorite  pyrophyllite  deposit  (Wright,  et  al., 
1953,  pp.  243-244;  and  Bowen,  1954,  pp.  158-160)  about 
12  miles  northeast  of  Victorville,  San  Bernardino 
County,  has  been  worked  intermittently  since  1950.  It 
is  presently  (1957)  operated  by  the  Mineral  Materials 
Company,  Alhambra.  The  deposit  consists  of  a  steeply 
dipping  zone  in  volcanic  rocks  of  the  Triassic  (?)  Side- 
winder series.  The  zone  is  about  1500  feet  in  exposed 
length  and  as  much  as  200  feet  wide.  It  has  formed  by 
the  hydrothermal  alteration  of  the  volcanic  rocks  and 
and  contains  much  material  that  is  incompletely  altered 
or  too  siliceous  to  be  salable.  Within  the  zone,  however, 
are  lenses  several  tens  of  feet  wide  that  consists  largely 
of  pyrophyllite,  and  that  can  be  mined  by  open  pit 
methods. 

The  pyrophyllitic  rock  at  the  Victorite  deposit  is 
mostly  schistose,  but  some  is  blocky.  It  ranges  in  color 
from  white  to  pale  gray  and  much  of  it  is  iron-stained. 
The  quarried  material  has  been  stock-piled  at  the  de- 
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PYROPHYLLITE    OPERATIONS 
IN    CALIFORNIA 

I.  Pacific     mine 

2-  Colton     mine 

3.  Imus     mine 

4.  victorite     mine 

5.  Pioneer    mine 

6.  Four     Gee     mine 


Figure  1. 


posit  and  shipped,  as  needed,  to  the  Kennedy  Minerals 
Company  mill  in  Los  Angeles. 

The  Pioneer  pyrophyllite  deposit  (Jahns  and  Lance, 
1950),  in  the  San  Dieguito  area  of  west-central  San 
Diego  County,  was  most  actively  worked  in  the  middle 
and  late  1940 's,  and  has  been  operated  only  at  irregular 
intervals  in  later  years.  The  pyrophyllite-bearing  rocks 
occur  within  and  are  alterations  of  the  Santiago  Peak 
volcanics  which  are  probably  of  Jurassic  age.  In  the 
mine  area,  the  volcanic  rocks  are  mostly  latitic  to  quartz 
daeitic  in  composition. 

The  pyrophyllitization  has  been  guided  mainly  by 
fractures  and  shears  and  partly  by  differences  in  the 
original  composition  of  the  host  rocks.  It  was  preceded 
and  accompanied  by  and  marked  silicification,  so  that 
silica  is  a  widespread  impurity.  The  pyrophyllite-bear- 
ing rocks  occur  in  numerous  lenticular  bodies  most  of 
which  consist  of  subcommercial  material.  All  of  the 
pyrophyllite  mined  to  date  has  been  from  a  single 
body  150  or  more  feet  long  and  about  15  feet  in  average 
width.  The  commercial  rock  consists  of  a  white  to  cream- 


colored  pyrophyllite  schist  whose  fracture  surfaces  com- 
monly are  stained  with  iron  and  manganese  oxides.  Most 
of  the  mining  was  done  by  Pioneer  Pyrophyllite  Prod- 
ucts of  Chula  Vista  and  the  pyrophyllite  was  ground  at 
a  mill  in  Chula  Vista. 

Since  1954,  small  tonnages  of  talc  have  been  mined 
from  the  Four  Gee  deposit,  which  is  about  one  mile 
east  of  the  Pioneer  deposit  and  in  a  similar  geological 
setting. 

The  pyrophyllite  produced  near  Fish  Springs  in  Inyo 
County  was  obtained  from  the  Imus  deposit  in  the  period 
1948-50.  This  deposit,  which  is  about  5  m.iles  north-north- 
west of  Aberdeen,  consists  of  a  poorly  exposed  body  of 
pyrophyllite  schist  which  is  overlain  by  erinoidal  lime- 
stone. Its  other  exposures  are  overlapped  by  alluvium 
so  that  the  size  of  the  deposit  is  undetermined.  The 
mined  material  was  shipped  to  a  mill  at  Zurich  Siding, 
then  operated  by  Blue  Star  Mines,  Ltd. 

Mining  Methods  and  Treatment.  All  of  the  pyrophyl- 
lite produced  in  California  has  been  mined  by  surface 
methods  involving  the  use  of  bulldozers  andsmall  power 
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Figure  2. 


View  north  toward  quarry  at  Pacific  pyrophyllite  deposit,  Mono  County.  Deposit  is  part  of  steeply  dipping  series  of  pre-Creta- 
ceous  metamorphic  rocks.  Most  of  rock  exposed  in  quarry  is  of  commercial  value. 


shovels,  or  loaders.  Little  blasting  has  been  required. 
In  North  Carolina,  however,  much  of  the  pyrophyllite 
is  removed  by  underground  operations.  The  under- 
ground mining  of  off-color  pyrophyllite  in  California 
would  be  hindered  by  the  relatively  low  prices  paid  for 
the  milled  product  and  by  the  availability  of  similar, 
less  expensively  mined  pyrophyllite. 

In  California,  pyrophyllite  is  milled  in  the  same  equip- 
ment that  is  used  to  treat  talc — Raymond  roller  mills  in 
closed  circuit  with  air  separators  (see  figure  in  section 
on  talc  and  soapstone  in  this  volume).  In  North  Caro- 
lina, conical  pebble  mills,  as  well  as  roller  mills,  are 
employed,  as  the  pebble  mills  are  well-suited  to  the  prep- 
aration of  pyrophyllite  for  ceramic  use.  The  North  Caro- 
lina mills  yield  several  types  of  grinds  ranging  from 
minus  80  to  minus  325  mesh.  In  California,  where  the 
use  pattern  for  pyrophyllite  has  been  somewhat  limited, 
the  material  generally  has  been  ground  to  about  95  per- 
cent minus  325  mesh. 

Utilization.  As  pyrophyllite  and  talc  have  very  simi- 
lar physical  properties,  they  are  used  similarly  and  are 
competitive  commodities.  The  principal  useful  properties 
of  pyrophyllite,  as  of  talc,  are  a  marked  softness,  a  flaky 
to  fibrous  habit,  good  coverage,  physical  and  chemical 
inertness,  a  high  fusion  point,  low  shrinkage  and  resist- 
ance to  thermal  shock  when  fired,  good  retention  when 
used  as  a  filler,  and  high  absorption  of  certain  oils  and 
other  liquids. 

In  1955,  the  following  use  pattern  pertained  for  the 
155,000  tons  of  pyrophyllite  that  were  mined  in  the 
United  States :  insecticides,  35  percent ;  ceramics,  25  per- 
cent ;  refractories,  15  percent ;  asphalt  filler,  10  percent ; 


paint,  10  percent ;  rubber,  3  percent ;  and  miscellaneous, 
2  percent.  (U.  S.  Bur.  Mines,  Mineral  Market  Rept.,  MMS 
No.  2567).  Although  the  national  consumption  has  risen 
steadily  since  pyrophyllite  was  first  mined  in  the  early 
1920 's,  the  use  pattern  has  varied  considerably,  as  to 
both  tonnage  and  percentage.  In  recent  years  the  ton- 
nages used  in  insecticides,  ceramics,  paints,  and  refrac- 
tories have  risen,  whereas  the  tonnages  used  in  rubber 
have  declined.  Of  the  15,000  to  20,000  tons  of  pyrophyl- 
lite now  mined  and  consumed  annually  in  California,  an 
estimated  75  percent  is  used  as  a  carrier  for  insecticides, 
20  percent  as  an  extender  in  paints,  and  5  percent  as  an 


Figure  3.  View  oast  toward  I'ioneer  pyrophyllite  deposit,  San 
Dieso  Count.v.  Deposit  is  an  alteration  of  SantiaRO  Peak  volcanics 
of  Triassic  age,  which  underlie  most  of  the  area  shown. 
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ingredient  in  miscellaneous  products,  including  ceramics 
and  rubber. 

The  increased  usage  of  pyrophyllite  as  a  carrier  of 
insecticides  has  come  with  the  development  of  the  tech- 
nique of  crop  dusting  from  airplanes  and  the  introduc- 
tion of  the  DDT  poisons  with  which  pyrophyllite  is 
particularly  compatible.  This  market  varies  with  the 
abundance  of  insect  pests  from  year  to  year. 

In  the  eastern  United  States,  pyrophyllite  competes 
on  a  virtually  equal  basis  with  talc  as  a  ceramic  raw 
material,  particularly  in  the  manufacture  of  wail  tile. 
Most  of  the  pyrophyllite  that  has  been  mined  in  Cali- 
fornia fires  off-color  and  is  unsuited  to  ceramic  uses. 
In  1957,  however,  the  operators  of  the  Colton  deposit  in 
Mono  County  stated  that  increasing  tonnages  from  this 
deposit  were  being  employed  in  ceramics. 

As  material  to  be  used  as  a  paint  extender  must  grind 
white,  the  run-of-mine  pyrophyllite  from  the  known  de- 
posits in  California  is  generally  unsuited  to  this  use. 
Selectively  mined  pyrophyllite  from  the  deposits  in  Mono 
County,  however,  is  marketed  as  a  paint  extender. 

Marketing  and  Prices.  The  problems  of  marketing 
pyrophyllite  in  California  are  essentially  the  same  as 
those  noted  in  the  section  on  talc  and  soapstone  in  this 


volume.  In  1957,  the  various  grades  of  pyrophyllite 
mined  and  milled  in  the  state  were  being  sold  in  the 
general  range  of  $15  to  $30  per  ton  ground  and  bagged 
in  Los  Angeles. 
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QUARTZ  CRYSTAL 

(Electronic  Grade) 
By  Lauren  A.  Wright 


Quartz  crystals  are  used  in  the  manufacture  of  plates 
known  as  quartz  crystal  oscillators,  whose  piezoelectric 
properties  permit  a  precise  control  of  frequency  in  radio 
transmitters  and  other  electronic  equipment.  Crystals 
suited  to  this  application  are  uncommon  and  during 
World  War  II  were  in  particularly  high  demand  for  use 
in  portable  military  transmitters.  Although  adequate 
deposits  of  such  crystals  have  been  intensively  sought 
in  the  United  States,  all  but  a  small  part  of  the  domestic 
requirements  have  been  imported  from  Brazil.  During 
World  War  II,  electronic-grade  quartz  crystal  was  ob- 
tained from  gold-bearing  placer  deposits  near  Mokel- 
umne  Hill,  Calaveras  County,  California.  Synthetic 
quartz  crystals  can  be  manufactured,  but  to  date,  these 
are  too  expensive  to  be  competitive  with  the  natural 
material. 

Physical  Properties  and  Geologic  Occurrence.  Quartz 
(Si02),  one  of  the  most  abundant  minerals  in  the 
earth's  crust,  enters  into  the  mineral  industry  in  various 
ways.  It  is,  for  example,  a  common  constituent  of  many 
of  the  rocks  that  are  quarried  as  crushed  rock  and 
dimension  stone,  and  the  principal  constituent  of  most 
sand  and  gravel  aggregate.  Relatively  pure  quartz,  in 
the  form  of  silica  sand,  quartzite,  or  massive  (vein  and 
pegmatite)  quartz,  also  has  many  commercial  uses.  All 
of  these  commodities  are  very  abundant  and  are  treated 
elsewhere  in  this  volume. 

The  material  known  as  quartz  crystal,  electronic  (or 
radio)  grade,  however,  is  relatively  rare.  By  definition, 
such  crystals  must  be  sufficiently  large  and  unflawed 
to  be  fabricated  for  use  in  electronic  equipment.  Such 
use  stems  from  the  ability  of  a  thin,  crystographieally 
oriented  wafer  of  quartz  crystal,  commonly  known  as  an 
oscillator  plate,  to  generate  an  electrical  charge  when 
pressure  is  applied  to  its  surface,  and  to  expand  or  con- 
tract in  response  to  an  electric  current.  This  property, 
known  as  the  piezoelectric  effect,  is  most  usefully  ap- 
plied to  control  frequency  in  electronic  equipment, 
especially  radar  and  radio  transmitters. 

To  yield  oscillator  plates,  quartz  crystals  generally 
must  weigh  at  least  100  g.,  be  at  least  2  inches 
long  parallel  to  the  vertical  axis,  and  at  least  1  inch  in 
diameter  normal  to  the  vertical  axis,  but  when  these 
are  unavailable,  somewhat  smaller  crystals  are  used. 
Although  quartz  crystals  of  suitable  size  are  quite  com- 
mon throughout  the  world,  most  of  them  are  rendered 
tinusable  by  crystallographic  imperfections,  known  as 
optical  and  electrical  twinning,  or  by  cracks,  bubbles 
or  inclusions.  Although  during  World  War  II,  certain 
slightly  colored  or  clouded  crystals  were  accepted,  only 
colorless,  perfectly  transparent  material  was  being  used 
in  1956.  Twinning  in  some  specimens  can  be  detected  by 
irregularities  on  the  crystal  surfaces,  and  other  imper- 
fections also  can  be  seen  with  the  unaided  eye ;  but  most 
of  the  crystals  that  at  first  appear  to  be  unflawed  have 
invisible  imperfections  that  can  be  detected  only  with  the 
aid  of  laboratory  equipment. 

Most  of  the  world's  output  and  virtually  all  of  the 
free  world's  supply  of  electronic  grade  quartz  crystal  is 


mined  in  Brazil.  The  Brazilian  deposits  consist  mostly 
of  quartz  veins  in  Paleozoic  sedimentary  rocks  (John- 
ston and  Butler,  1946,  pp.  601-650).  A  small  proportion 
of  the  Brazilian  output  is  obtained  from  pegmatites  and 
eluvial  (residual)  deposits.  The  veins  are  very  numerous, 
consisting  predominantly  of  bull  quartz.  They  contain  an 
extremely  small  proportion  of  electronic  grade  crystals 
which  line  cavities.  The  veins  have  been  developed  by 
hundreds  of  small  mines,  most  of  which  were  pressed  into 
operation  during  World  War  II.  Even  the  larger  of  these 
mines  have  averaged  only  about  one  ton  of  usable  crys- 
tals for  every  10,000  tons  of  material  removed  (Dietrich, 
1956). 

An  insignificant  fraction  of  the  electronic  grade  quartz 
crystal  that  has  been  used  in  the  United  States  has  been 
mined  from  domestic  sources.  Of  these,  the  most  produc- 
tive have  been  quartz  veins  in  Ouachita  Mountains  of 
Arkansas  (Engel,  1952).  Here  the  quartz  occurs  as  cavity 
fillings  in  veins  that  cut  Paleozoic  sedimentary  rocks.  A 
small  production  of  usable  crystals  also  has  been  obtained 
from  North  Carolina  and  Virginia  as  well  as  from  Cali- 
fornia. 

California  Localities  *.  In  California,  quartz  crystals 
of  radio  grade  have  been  found  in  the  auriferous  gravels 
and  hydrothermal  veins  of  the  western  foothills  of  the 
Sierra  Nevada,  and  in  pegmatites  of  the  Peninsular 
Ranges.  Most  of  the  state's  quartz  crystal  output  has 
been  obtained  from  auriferous  gravels  at  Chili  Gulch, 
2^  miles  south  of  Mokelumne  Hill,  Calaveras  County 
(Durrell,  1944,  pp.  423-433).  Quartz  crystal  was  first 
mined  here  in  1897,  but  the  property  probably  was 
worked  previously  for  gold.  The  early  quartz  crystal 
production,  obtained  in  1897-98,  was  used  as  ornamental 


*  Most  of  the  following:  information  on  quartz  crystals  in  California 
was  kindly  supplied  by  Dr.  Cordell  Durrell,  Professor  of  Geology, 
University  of  California  at  Los  Angeles. 
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Figure  1.  Index  map  showing  location  of  Green  Mountain  and 
Rough  Diamond  mines  which  have  yielded  electronic  grade  quartz 
crystals. 
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material  (Kunz,  1905,  pp.  64-66).  The  property  was 
reopened  for  a  short  period  during  World  War  I  and  the 
quartz  crystal  output  was  marketed  "for  scientific  pur- 
poses" (Durrell,  1944,  p.  423).  Operations  were  resumed 
during  the  wartime  period  1942-44,  and  the  area  yielded 
several  thousand  pounds  of  quartz  crystal,  but  only  a 
small  fraction  of  this  was  of  electronic  grade. 

The  crystal-bearing  gravels,  which  possibly  are  of 
upper  Eocene  age,  fill  a  stream  channel  that  has  been  cut 
in  pre-Tertiary  slate  and  greenstone.  Most  of  the  crystals 
were  encountered  within  6  feet  of  bedrock.  The  crys- 
tals occur  both  singly  and  in  clusters  and  show  a  lack  of 
wear  which  strongly  suggests  that  they  have  been  trans- 
ported but  a  short  distance  from  their  bedrock  source. 
None  were  found  in  place.  Single  crystals  that  weighed 
from  10  to  30  pounds  each  were  common,  and  one  is  said 
to  have  weighed  more  than  a  ton. 

The  crystals  have  been  removed  from  the  underground 
workings  of  two  old  drift  mines,  the  Green  Mountain 
(Calaveras  Crystal  or  McSorley)  mine  and  the  Rough 
Diamond  mine.  In  1944,  the  combined  reserves  of  these 
properties  were  estimated  (Durrell,  1944,  pp.  432-433) 
at  about  17,000  pounds  of  which  approximately  5  per- 
cent would  be  of  electronic  grade.  In  1950,  however,  the 
deposits  were  believed  to  have  been  nearly  exhausted. 

In  1943,  a  few  crystals  of  electronic  grade  quartz  were 
obtained  from  a  small  hydrothermal  vein  at  the  Mable  H 
mine,  2  miles  east  of  Camp  Nelson,  Tulare  County.  The 
crystals  removed  from  this  deposit  have  ranged  from 
1  inch  to  3  inches  in  diameter,  but  most  of  them  have 
contained  bubbles. 

The  Senpe  pegmatite  near  Pala,  San  Diego  County, 
also  yielded  a  small  poundage  of  usable  crystals  during 
World  War  II  (Jahns  and  Wright,  1951,  p.  49).  Large 
transparent  quartz  crystals  have  .been  removed  from 
other  pegmatites  in  San  Diego  and  Riverside  Counties, 
but  abundant  twinning  generally  has  rendered  the  crys- 
tals, non-electronic. 

Elsewhere  in  California,  possible  sources  of  usable 
quartz  crystal  include  a  quartz  vein  in  serpentine  on 
the  Gorman  Ranch,  three-quarters  of  a  mile  from  Michi- 
gan Bluff,  Placer  County;  placer  deposits  between  Dry 
Creek  and  Indian  Creek,  northeast  of  Fiddletown,  Ama- 
dor County;  gold-bearing  quartz  veins  at  Our  Chance 
mine,  7  miles  northeast  of  Mariposa,  and  at  Giles  Ranch 
near  Hornitos,  both  in  Mariposa  County;  and  a  peg- 
matite on  the  east  of  Greenhorn  Mountain,  5  miles  west 
of  Kernville,  Kern  County.  The  Fiddletown  deposits 
perhaps  are  the  most  promising  of  the  known  quartz 
crystal  deposits  in  California,  but  none  of  these  deposits 
appears  to  be  capable  of  sustained  production,  except 
under  conditions  of  unusual  necessity. 

Classification,  Processing,  and  Synthesis.  Quartz 
crystals  of  electronic  quality  are  graded  and  classified 
as  close  to  the  deposits  as  possible  in  order  to  minimize 
the  handling  of  non-usable  material.  The  mine-run  ma- 
terial is  cleaned  and  trimmed,  and  the  obviously  sub- 
commercial  crystals  are  eliminated  by  a  preliminary 
visual  inspection.  The  remaining  crystals  are  sorted 
according  to  size  and  the  faced  individuals  are  separated 
from  the  unfaced.  All  are  immersed  in  an  oil  bath  with 
the  same  refractive  index  as  quartz.  Here,  optical  twin- 


ning can  be  detected  in  monochromatic  polarized  light, 
and  minute  fractures,  bubbles,  and  inclusions  become 
visible  when  illuminated  with  an  arc  lamp.  A  defect, 
known  as  electrical  twinning  and  which  also  renders 
quartz  crystals  unusable  for  electronic  purposes,  cannot 
be  detected  by  optical  methods.  Its  presence  can  be  deter- 
mined by  etch  tests  which  ordinarily  are  applied  by 
manufacturers  after  the  crystals  have  been  otherwise 
classified. 

The  National  Stockpile  Material  Purchase  Specifica- 
tions, P-43  (1951),  classify  usable  quartz  crystals  into 
133  categories  based  on  weight,  percent  of  recoverable 
material,  nature  of  defects,  and  whether  faced  or  un- 
faced. Similar  categories  also  form  the  basis  for  sales 
on  the  open  market. 

Manufacturing  techniques  are  designed  to  recover  the 
highest  possible  number  of  properly  oriented  oscillator 
plates  per  unit  weight  of  crystal  material.  The  plates 
are  square,  rectangular,  or  circular.  They  commonly  are 
1  millimeter  or  less  thick  and  half  to  three-quarters  of 
an  inch  in  maximum  dimension. 

After  determining  the  suitability  of  a  crystal  by 
means  of  oil  bath  and  electric  twinning  tests,  the  manu- 
facturer mounts  it  in  a  diamond  saw  so  that  the  usable 
part  of  the  crystal  can  be  sliced  into  wafers  along  a 
plane  that  is  properly  oriented  with  respect  to  the  crys- 
tallographic  axes.  The  orientation  of  faceless  specimens 
can  be  determined  by  special  techniques.  Blanks  of  the 
desired  lateral  dimensions  are  cut  from  the  defect-free 
parts  of  the  wafers,  and  the  blanks  are  ground  and 
polished  by  lapping  to  minus  0.0001  inch  tolerances. 
They  are  then  etched  to  remove  the  quartz  dust  and 
abrasions. 

Oscillator  plates  are  produced  almost  entirely  by  small 
concerns,  and  most  of  the  plants  are  in  the  industrial 
areas  where  electronic  equipment  is  manufactured.  In 
1954,  ten  plants  in  California  were  thus  engaged  (U.  S. 
Bur.  Mines,  Mineral  Market  Report,  MMS  No.  2441). 
These  plants,  which  are  in  both  the  Los  Angeles  and 
San  Francisco  Bay  areas,  produced  about  5  percent  of 
the  3.9  million  piezoelectric  units  manufactured  in  the 
United  States  during  that  year,  and  in  1956  they  were 
continuing  at  about  the  same  rate. 

Since  the  early  1940  's,  when  the  demand  for  electronic- 
grade  quartz  crystal  became  acute  and  the  supply  was 
uncertain,  much  research  has  been  devoted  to  the  syn- 
thesis of  quartz  crystals.  By  1953,  suitable  crystals  were 
being  made  by  processes  that  involved  hydrothermal 
synthesis  in  autoclaves  at  pressures  of  7,500  to  15,000 
psi  and  at  temperatures  of  350°  to  410°  C.  (Walker, 
1953).  By  1956,  however,  such  crystals  could  not  yet  be 
produced  at  costs  competitive  with  the  prices  of  the 
natural  crystals. 

Utilization.  By  definition,  electronic-grade  quartz 
crystal  must  be  suited  to  the  manufacture  of  piezoelec- 
tric units,  and  it  is  put  almost  wholly  to  this  use.  In 
1954,  about  96  percent  of  the  units  manufactured  in 
the  United  States  were  oscillator  plates  for  radio  and 
radar  equipment,  3.7  percent  were  telephone  resonators, 
and  the  remainder  were  plates  for  miscellaneous  elec- 
tronic uses  including  filters  and  ultrasonic  equipment 
(U.  S.  Bur.  Mines  Mineral  Market  Rept.  MMS  No.  2441). 
The  units  for  each  use  are  similar,  but  are  cut  some- 
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what  differently.  All  types  are  manufactured  in  Cali- 
fornia. 

Minor  quantities  of  electronic-grade  quartz  are  made 
into  special  optical  objects  such  as  prisms,  lenses,  and 
wedges.  Some  of  it  also  is  used  as  a  semi-precious  gem 
(see  section  on  gem  stones  in  this  volume). 

Markets  and  Prices.  The  sale  of  electronic-grade 
quartz  crystals  in  the  United  States  is  handled  almost 
entirely  through  brokers  in  New  York  City,  who  have 
obtained  more  than  95  percent  of  their  stock  from  Brazil. 
Most  of  the  manufacturers  of  piezoelectric  units,  includ- 
ing those  in  California,  stand  ready  to  purchase  accept- 
able material  from  domestic  producers,  and  indeed 
would  welcome  the  development  of  such  sources.  In  1956, 
the  quoted  (E.  &  M.  J.  Metal  and  Mineral  Markets) 
price  range  for  electronic-grade  quartz  crystals  was 
$4.50  to  $50.  per  pound,  according  to  size  and  grade. 
Most  of  the  material  consumed  by  oscillator  manufac- 
turers in  California  was  being  sold  in  the  range  of  $6  to 
$10  per  pound. 
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QUARTZITE  AND  QUARTZ 

By  William  B.  Clark  and  Denton  W.  Carlson 


Silica,  in  the  forms  of  quartzite,  vein  quartz,  quartz 

irravel  derived  from  vein  quartz,  and  pegmatite  quartz, 

has  been  mined  in  several  areas  in  California.   These 

iiiaterials  have  been  used  variously  in  ceramics,  cement, 

•rrosilieon,    metallurgical    fluxes,    abrasives,    filtering 

it'dia,  poultry  grits,  and  for  numerous  applications  in 

le  chemical  industry.  Of  these  materials,  quartzite  is 

mined  most  abundantly  in  California.  It  is  used  in  the 

manufacture  of  regular  and  super-duty  silica  bricks  and 

as  a  source  of  silica   in  portland   cement.   Only  small 

amounts  of  vein  quartz,  quartz  gravel,  and  pegmatite 

i|viartz  are  being  mined  in  the  state. 

Mineralogy  and  Geologic  Occurrence.  Quartz  (Si02), 
(iiie  of  the  most  abundant  minerals,  comprises  about  12 
percent  of  the  earth's  crust.  The  mineral  crystallizes  in 
the  hexagonal  system  and  occurs  as  crystals  and  crystal 
aprgregates  as  well  as  in  massive  and  granular  forms. 
< Quartz  ordinarily  is  colorless  to  white,  but  impurities 
may  cause  it  to  show  a  wide  color  range.  It  has  a  hard- 
ness of  7(Mohs'  scale)  and  a  specific  gravity  of  2.65. 
(Quartz  has  a  vitreous  or  glassy  luster  and  generally  is 
ii'ansparent  to  translucent.  Although  soluble  in  hydro- 
Ihioric  acid,  it  is  insoluble  in  ordinary  acids. 

Thermal  studies  show  that  quartz  is  one  of  several 
crystalline  forms  of  silica,  each  of  which  is  stable  in  a 
particular  temperature  range.  Quartz  itself  exists  in  two 
modifications,  low  quartz  (alpha)  and  high  quartz  (beta), 
\vhieh  differ  slightly  in  most  of  their  physical  proper- 
ties. Low  quartz  forms  at  temperatures  below  573°  C. 
At  573°  C.  low  quartz  undergoes  a  reversible  and  nearly 
instantaneous  inversion  to  high  quartz.  About  870°  C. 
if  is  unstable,  and  if  time  is  allowed  for  equilibrium  to 
l)e  attained,  it  inverts  to  tridymite,  which  is  stable  from 
"^70°  C.  to  1470°  C.  or  cristobalite,  which  is  stable  from 
1470°  C.  to  1710°  C.  Above  1710°  C.  silica  is  a  liquid. 
I'lilike  the  inversion  of  low  quartz  to  high  quartz,  the 
I  inversions  between  quartz,  tridymite,  and  cristobalite 
I  occur  slowly  and  are  not  reversible.  Quartz  can  persist 
at  temperatures  greater  than  870°  C.  Tridjrmite  and  cris- 
tobalite, once  formed,  can  exist  indefinitely  at  room  tem- 
perature (Sosman,  1927,  pp.  41-85). 

Quartz  is  a  major  constituent  of  acidic  igneous  rocks 
■>iich  as  granite,  granodiorite,  rhyolite,  daclte,  and  gran- 
ite pegmatite.  It  is  the  most  abundant  vein  mineral  and 
commonly  forms  the  gangue  of  ores.  Because  quartz  is 
highly  resistant  to  chemical  weathering  and  rarely  alters 
to  other  substances,  sandstones  composed  of  quartz 
grains  have  formed  throughout  geologic  time.  In  many 
places  these  have  been  metamorphosed  to  hard,  compact, 
quartz-rich  rock  known  as  quartzite.  Quartz  also  is  com- 
monly present  in  gneiss,  schist,  slate,  and  shale. 

Quartzite  is  a  compact  and  tough  rock  and  consists 
essentially  of  a  mosaic  of  quartz  grains  held  together 
by  a  siliceous  cement.  It  is  characterized  by  a  splintery 
I  racture  that  breaks  across  both  the  grains  and  cement. 
.Most  quartzite  bodies  are  interbedded  with  other  meta- 
sedimentary  rocks,  and  range  from  minute  layers  to 
bodies  several  hundred  or  more  feet  in  thickness  and 
thousands  of  feet  long.  Common  impurities  include  feld- 
spar, mica,  and  iron  minerals  derived  from  the  other 
constituents  of  the  original  sandstone,  as  well  as  small 


interbeds  of  slate,  limestone,  and  schist.  Pure  quartzite 
sometimes  is  known  as  "ganister". 

Most  quartz  veins  are  genetically  related  to  plutonic 
igneous  rocks  of  acidic  composition  and  have  been  depos- 
ited in  fissures  during  the  end  stages  of  the  consolidation 
of  such  rocks.  Quartz  veins  are  especially  common  in 
metamorphic  rocks  near  granitic  bodies.  Quartz  veins 
range  from  small  stringers  less  than  an  inch  wide  to 
those  many  tens  of  feet  wide  and  several  thousand  feet 
long.  A  typical  quartz  vein  consists  of  an  interlocking 
aggregate  of  anhedral  to  subhedral  crystals.  Some  veins 
are  barren  of  any  other  mineral,  whereas  others  contain 
various  amounts  of  sulfides  (chiefly  pyrite),  native  gold, 
calcite,  ankerite,  talc,  and  limonite.  Quartz  gravels  con- 
sist of  pebbles,  cobbles,  and  boulders  derived  from  quartz 
veins  and  occur  in  stream  channels. 

Quartz  is  a  particularly  conspicuous  constituent  of 
granite  pegmatite  bodies  where  it  generally  is  associated 
with  feldspar.  In  such  bodies,  quartz-feldspar  mosaics 
commonly  consist  of  grains  several  inches  to  a  few  feet 
in  diameter.  Some  pegmatites  contain  lenticular  to  pod- 
like cores  of  quartz  as  much  as  several  tens  of  feet  in 
diameter. 

To  be  of  commercial  interest,  deposits  of  quartzite, 
vein  quartz,  or  pegmatite  quartz  generally  should  con- 
tain at  least  97  percent  silica,  be  suited  to  inexpensive 
mining  methods,  and  be  near  to  transportation  facilities. 

Localities  in  California.  Quartzite,  vein  quartz,  and 
quartz  gravel  are  widespread  in  California.  Quartzite 
occurs  in  the  desert  regions,  Klamath  Mountains,  Coast 
Ranges,  Sierra  Nevada,  and  Peninsular  Ranges.  Quartz 
veins  are  most  abundant  in  the  western  Sierran  foothills, 
but  also  are  common  in  portions  of  the  Peninsular 
Ranges,  Transverse  Ranges,  Klamath  Mountains,  the 
desert  regions  of  eastern  and  southern  California,  and 
in  a  few  areas  of  the  Coast  Ranges.  Quartz  gravel  is 
common  in  portions  of  Recent  and  Tertiary  stream  chan- 
nels in  the  Sierra  Nevada.  Most  of  the  granitic  pegma- 
tites are  in  the  Peninsular  Ranges  in  San  Diego  and 
Riverside  Counties. 

Quartzite  known  to  be  suitable  for  commercial  silica 
occurs  in  the  desert  regions  of  southern  and  eastern 
California.  Usable  quartzite  may  be  discovered  in  other 
parts  of  the  state  as  the  demand  for  silica  increases. 
Most  of  the  quartzite  mined  in  California  has  been  ob- 
tained from  San  Bernardino  and  Inyo  Counties.  The 
Oro  Grande  area  of  San  Bernardino  County  has  been 
the  principal  source  of  quartzite  in  California,  and  in 
recent  years  has  yielded  as  much  as  several  thousand 
tons  of  quartzite  annually.  In  this  area,  massively  bedded 
quartzite  of  the  Oro  Grande  and  Ilodge  series  occurs  in 
extensive  bodies  as  much  as  250  feet  thick  and  several 
thousand  feet  long.  The  principal  producers  of  quartzite 
from  this  area  have  been  the  Mineral  Materials  Com- 
pany and  the  Riverside  and  Southwestern  Portland  Ce- 
ment Companies.  The  output  of  the  Mineral  Materials 
Company's  operation  has  been  used  in  the  manufacture 
of  silica  brick  by  the  General  Refractories  Company  at 
the  Los  Angeles  plant  and  in  cement  manufacture  at  the 
nearby  plant  of  the  California  Portland  Cement  Com- 
pany. Part  of  the  output  of  the  Southwestern  Portland 


(463) 


464 


Bulletin  176 — Mineral  Commodities  of  California 


Cement  Company  has  been  sold  to  Gladding,  McBean 
and  Company  for  silica  brick  manufacture  (Bowen,  1954, 
p.  178).  Years  ago  the  Atlas  Fire  Brick  Company  mined 
quartzite  west  of  the  town  of  Hodge,  also  in  San  Bernar- 
dino County,  for  use  in  silica  brick.  All  of  these  have 
been  open-pit  operations. 

Large  tonnages  of  especially  pure  quartzite  are  con- 
tained in  the  Eureka  quartzite,  an  Ordovician  formation 
which  is  extensively  exposed  in  Inyo  County  and 
through  a  large  part  of  Nevada.  In  Inyo  County  this 
formation  is  generally  200  to  400  feet  thick  and  forms 
gently  to  steeply  dipping  bodies  hundreds  to  thousands 
of  feet  long.  It  is  prominently  exposed  in  the  Inyo 
Mountains,  both  the  northern  and  southern  parts  of  the 
Panamint  Range  and  the  Funeral  Mountains.  However, 
most  of  these  occurrences  are  of  difficult  accessibility 
and  only  at  two  localities,  both  low  on  the  western  slope 
of  the  Inyo  Mountains  and  along  the  east  margin  of 
Owens  Valley,  has  the  Eureka  quartzite  been  mined 
commercially.  Quartzite  operations  in  this  area  are 
favored  by  nearness  to  paved  highways  and  to  rail  facili- 
ties. Sampling  of  the  quartzite  in  this  area  has  shown 
that  it  persistently  contains  0.25  percent  or  less  com- 
bined alumina  and  alkalies  which  are  the  principal  im- 
purities in  quartzite  to  be  used  in  the  manufacture  of 
refractory  brick  (Richard  P.  Brooks,  Gladding,  McBean 
and  Company,  personal  communication,  1955). 

The  Eureka  quartzite  was  first  quarried  in  the  Owens 
Valley  area  in  1955.  The  site  of  the  original  quarry  is 
about  2|  miles  northwest  of  Keeler,  but  in  1957  opera- 
tions were  moved  to  a  point  about  4^  miles  farther 
northwest.  The  material  has  been  crushed  at  the  quarries 
and  trucked  to  a  nearby  stock  pile  on  the  railroad.  It  has 
been  used  in  the  manufacture  of  silica  brick,  in  the  Los 
Angeles  area,  by  Gladding,  McBean  and  Company  and 
by  the  General  Refractories  Company. 

In  the  western  foothills  of  the  Sierra  Nevada,  massive 
quartz  veins  occur  in  metamorphic  rocks  of  Jurassic 
and  Paleozoic  age  and  in  granitic  rocks.  These  veins  are 
most  abundant  in  the  Mother  Lode  belt,  which  is  about 
120  miles  long.  The  Mother  Lode  itself  is  a  system  of 
linked  quartz  veins  that  occupies  a  zone  of  reverse  fault- 
ing (Knopf,  1929,  p.  VII).  Many  of  the  veins  contain 
gold  and  sulfides  and  have  been  major  sources  of  gold. 
In  some  places,  however,  the  veins  are  nearly  barren  of 
other  minerals  and  have  been  mined  locally  as  sources 
of  silica.  Mother  Lode  veins  range  from  a  few  to  as  luach 
as  50  feet  in  width.  All  have  steep  dips.  Massive  quartz 
veins  also  are  found  east  and  west  of  the  Mother  Lode. 

Deposits  of  quartz  gravel  consist  of  pebbles,  cobbles, 
and  boulders  of  vein  quartz  mixed  with  sand,  clay,  and 
pebbles,  cobbles,  and  boulders  of  igneous  and  metamor- 
phic rock.  In  the  area  of  Bear  River  in  Nevada  and 
Placer  Counties,  and  in  Tertiary  channels  in  the  Dutch 
Flat  area  of  Placer  County,  the  percentage  of  quartz 
gravel  has  been  sufficiently  high  as  to  provide  a  commer- 
cial source  of  silica. 

The  principal  source  of  vein  quartz  in  the  western 
Sierra  Nevada  has  been  at  White  Rock  in  western  Mari- 
posa County  west  of  the  Mother  Lode.  Here  a  massive 
vein  of  white  "bull"  quartz  300  feet  long  and  150  feet 
wide  was  quarried  by  the  Kaiser  Aluminum  and  Chem- 
ical Company  from  1942  to  1952.  The  quartz  was  used 
in  the  manufacture  of  f errosilicon  at  Permanente,  Santa 


Clara  County.  During  1952-53,  this  concern  utilized 
quartz  gravel  for  the  same  purpose,  and  obtained  it  from 
the  Bear  River  north  of  Colfax,  Placer  County.  Since 
1955,  small  amounts  of  quartz  have  been  quarried  from 
a  massive  Mother  Lode  vein  north  of  Coulterville  in 
Tuolumne  County.  The  quartz  is  crushed  and  marketed 
as  poultry  grit. 

Vein  quartz  in  the  Sierran  foothills  formerly  was 
mined  at  the  Harvard  gold  mine  in  Tuolumne  County  in 
1926;  at  Carson  Hill,  Calaveras  County  in  1924;  at 
White  Rock  Canyon  north  of  Placerville,  El  Dorado 
County  intermittently  from  1916  to  1934 ;  near  Friant, 
Fresno  County  in  1936;  and  near  Auburn,  Placer 
County  about  1922.  Quartz  gravel  was  mined  in  the 
Gorge,  Alta,  and  Dutch  Flat  areas  of  Placer  County, 
and  near  Placerville,  El  Dorado  County,  during  the 
1920 's.  The  quartz  from  these  operations  was  used  as  a 
fluxing  material  in  steel  furnaces,  as  an  abrasive  in 
scouring  powders,  and  in  stucco. 

Vein  quartz  also  has  been  mined  in  the  Transverse 
Ranges  in  Los  Angeles  County.  Here,  massive  quartz 
veins  occur  in  metamorphic  rocks  of  the  Pelona  schist 
series  and  the  San  Gabriel  metamorphic  complex.  Since 
1951,  small  amounts  have  been  quarried  7  miles  north 
of  Glendora  and  used  in  ceramics,  insulating  material, 
and  various  types  of  filters.  Vein  quartz  was  mined  in 
the  Sierra  Pelona,  Mint  Canyon,  and  Antelope  Valley 
areas  chiefly  prior  to  1925.  These  were  short-lived  opera- 
tions that  supplied  raw  materials  for  glass  manufactur- 
ing. Minor  amounts  were  obtained  from  a  quartz  vein 
in  the  Coast  Ranges  west  of  Patterson,  Stanislaus 
County,  in  1943.  Years  ago  gold-bearing  quartz  was 
mined  in  the  Klamath  Mountains  northwest  of  Redding 
for  use  as  siliceous  flux  in  copper  smelting. 

Pegmatite  quartz  has  been  obtained  chiefly  in  the 
Peninsular  Ranges  of  San  Diego  and  Riverside  Counties 
and  to  a  lesser  extent  in  Kern  and  Imperial  Counties. 
The  quartz  has  been  produced  intermittently,  largely 
as  a  by-product  of  feldspar  mining  (see  section  on  feld- 
spar in  this  volume).  Most  of  these  operations  are  idle. 
The  quartz  was  used  in  abrasives  and  ceramics. 

The  largest  operations  in  the  Peninsular  Ranges  were 
those  of  the  American  Encaustic  Tiling  Company  which 
mined  feldspar  and  quartz  in  an  extensive  pegmatite 
zone  near  Murrieta,  Riverside  County,  during  the  1920  's 
and  early  1930 's.  This  concern  also  mined  deposits  near 
Nuevo  and  Winchester,  also  in  Riverside  County,  and 
west  of  Jacumba,  San  Diego  County.  The  Flynt  Silica 
and  Spar  Company  mined  feldspar  and  quartz  from  peg- 
matites north  of  Live  Oak  Spring,  San  Diego  County, 
during  the  1920 's;  during  the  1930 's  these  properties 
were  operated  intermittently  by  other  concerns.  From 
time  to  time,  small  amounts  of  quartz  are  mined  from 
a  pegmatite  in  granite  northwest  of  Rosamond,  Kern 
County.  It  is  crushed  and  used  in  concrete  slabs  for 
building  facing.  Other  pegmatite  deposits,  from  which 
by-product  quartz  has  been  obtained,  are  south  of  He- 
met,  south  of  Lakeview,  north  of  Winchester,  and  near 
Perris,  all  in  Riverside  County,  and  in  the  Jacumba, 
Descanso,  Warner  Hot  Springs,  and  Campo  areas  of  San 
Diego  County. 

Mining  and  Treatment.  Quartzite,  vein  quartz  and 
quartz  gravel  are  mined  mostly  by  open-pit  or  quarrying 
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methods;  pegmatite  quartz  has  been  obtained  partly  by 
underground  mining.  In  the  grinding  and  preparation 
(if  these  materials  for  market,  several  methods  are  used. 
The  choice  of  methods  depends  upon  the  type  of  raw 
material  and  the  character  of  the  product  desired. 
Crushing  is  done  in  jaw  crushers.  For  fine  grinding, 
jiebble,  tube,  or  ball  mills  or  dry  pans  are  used.  Sizing  is 
done  by  screening  or  by  some  system  of  water  classifica- 
tion  or  air  separation.  As  massive  quartz  and  quartzite 
are  hard  and  tough,  crushing  and  grinding  are  expen- 
sive. In  order  to  lower  costs,  at  some  plants  the  rock  is 
calcined  before  crushing.  Because  of  an  increase  in  the 
demand  for  very  fine  sizes  and  the  difficulty  in  produc- 
ing them  by  conventional  grinding  processes,  silica  in 
tlie  0.01-0.05  micron  range  is  usually  produced  by  chem- 
ii'dl  means.  One  such  process  involves  burning  ethyl 
silicate,  a  volatile  liquid,  and  collecting  the  vapor  which 
consists  of  pure  silica.  In  the  manufacture  of  silica  brick, 
quartzite  is  crushed  and  ground.  Quartzite  used  in  port- 
land  cement  is  crushed,  proportioned  with  limestone  and 
other  materials,  and  then  ground  to  proper  size  for  kiln 
teed.  For  ferrosilicon,  vein  quartz  or  quartz  gravel  is 
crushed  to  a  1-  to  3-inch  size. 

Utilization.  Quartzite  is  used  in  the  manufacture  of 
silica  bricks  and  as  a  silica  source  in  portland  cement. 
1 1  also  is  used  as  crushed  and  broken  stone,  as  an  abras- 
ive,  and  as  dimension  stone  (see  respective  sections  on 
these  commodities  in  this  volume). 

In  the  manufacture  of  silica  brick,  the  ground  quartz- 
ite is  mixed  with  1  to  3  percent  by  weight  of  hydrated 
high-calcium  lime.  The  material  is  then  pressed  into 
hfick  shapes  and  fired  in  either  periodic  or  tunnel  kilns. 
During  firing,  the  composition  of  the  brick  changes  from 
quartz  to  50  to  60  percent  tridymite,  and  30  to  40  per- 
cent cristobalite  with  some  residual  quartz  and  siliceous 
glasses,  and  the  brick  undergoes  a  permanent  expansion 
of  about  3.5  percent  (Brooks,  1955). 

In  California,  silica  bricks  are  used  chiefly  in  open- 
hearth  steel  furnaces.  Silica  brick  is  an  acid  refractory 
material  of  comparatively  great  strength  at  high  tem- 
peratures. Because  of  its  acid  chemical  reaction  it  is 
used  to  line  furnaces  that  contain  siliceous  melts.  Its 
high  temperature  strength  makes  it  suitable  for  parts 
of  basic  furnaces  such  as  walls  and  roofs  that  are  not 
in  contact  with  basic  melts.  Other  uses  for  silica  brick 
include  acid  open-hearths,  coke  ovens,  gas  retorts,  vert- 
ical lime  kilns,  tunnel  kilns,  electric  steel  furnaces  and 
reverberatory  furnaces. 

Two  types  of  silica  brick  are  manufactured  in  the 
state,  regular-  and  super-duty.  Kegular-duty  silica  brick 
has  been  manufactured  for  many  years.  Super-duty  sil- 
ica brick,  which  was  developed  during  World  War  II, 
has  a  higher  deformation  temperature  than  the  standard 
grade.  They  are  particularly  useful  in  the  roofs  of  open- 
hearths  because  they  permit  higher  operating  tempera- 
tures than  can  be  attained  with  regular-duty  silica  brick. 

Quartzite  is  most  suitable  for  silica  brick  because  of 
the  physical  nature  of  the  grains  and  cementing  mate- 
rial; vein  quartz  is  unsuitable.  When  finely  ground, 
quartzite  forms  fragments  of  irregular  size  and  shape 
that  overlap  and  interlock.  This  gives  the  brick  great 
strength.  For  use  in  regular-duty  silica  brick,  quartzite 
should  contain  no  more  than  1  percent  alumina  and 
alkali  and  for  super-duty  brick,  no  more  than  0.5  per- 


cent of  these  impurities.  Quartzite  of  high  purity  is  de- 
sirable for  Portland  cement  and  should  be  uniform  so 
proper  kiln  feed  can  be  controlled. 

Vein  quartz,  quartz  gravel,  and  pegmatite  quartz  have 
been  used  in  the  manufacture  of  ferrosilicon  and,  to  a 
lesser  extent,  in  metallurgical  fluxes,  poultry  grits,  glass, 
stucco,  insulating  material,  filters,  abrasives,  and  ce- 
ramics. In  the  production  of  ferrosilicon,  the  crushed 
vein  quartz  or  quartz  gravel  is  heated  with  iron  ore  or 
scrap  iron  and  a  reducing  agent  of  charcoal  or  coke  in 
electric  furnaces.  Ferrosilicon  is  used  in  the  manufac- 
ture of  magnesium  by  the  silicothermic  method  and  in 
the  steel  industry  as  a  cleansing  or  deoxidizing  agent  as 
Avell  as  to  give  steel  certain  desired  physical  character- 
istics (see  sections  on  iron  and  magnesium  in  this  vol- 
ume). For  ferrosilicon,  quartz  of  high  purity  (97  per- 
cent or  more  Si02)  is  desirable,  although  the  presence 
of  iron  oxide  is  not  objectionable.  However,  the  presence 
of  arsenic  or  phosphorus  is  very  objectionable  as  poison- 
ous gases  are  formed.  In  smelting,  silica  is  needed  for 
slagging  purposes.  The  presence  of  recoverable  metals 
such  as  gold  and  silver  is  desirable,  but  lime  and  mag- 
nesia are  detrimental.  Pulverized  silica,  prepared  from 
crushed  quartz  or  silica  sand,  is  used  in  ceramics  as  an 
ingredient  of  whiteware  bodies  and  glazes,  as  an  abra- 
sive, and  as  a  mineral  filler  or  extender.  Silica  for  many 
of  these  purposes  must  have  high  purity,  and  often  a 
high  degree  of  whiteness  is  specified.  Much  of  the  pulver- 
ized silica  used  in  California  is  made  from  quartz  from 
out-of-state  sources,  especially  Arizona. 

Markets.  Currently  the  chief  marketing  area  for 
quartzite  in  California  is  the  southern  part  of  the  state. 
In  addition  to  the  silica  brick  manufactured  by  Glad- 
ding, McBean  and  Company  at  South  Gate  and  the 
General  Refractories  Company  at  Los  Angeles,  it  is  also 
manufactured  by  the  Harbison-Walker  Refractories 
Company  at  Warm  Springs,  Alameda  County,  but  the 
quartzite  used  at  this  plant  is  brought  from  Oregon. 
The  quartzite-consuming  cement  companies  in  southern 
California  now  own  or  lease  their  own  deposits  and 
hence  have  their  own  sources  of  supply.  However,  the 
demand  for  silica  brick  and  cement  is  increasing,  and 
several  concerns  are  conducting  exploration  programs 
for  new  sources  of  raw  material.  Although  most  of  these 
concerns  wish  to  buy  or  lease  undeveloped  deposits, 
some  possibly  would  purchase  quarried  and  crushed 
material  from  an  individual  operator.  Before  embark- 
ing upon  an  extensive  mining  program,  the  owner  of  a 
deposit  should  have  an  assured  market,  and  costs  should 
be  carefully  calculated,  as  quartzite  is  worth  but  a  few 
dollars  per  ton  at  the  quarry. 

A  limited  market  exists  for  vein  quartz,  quartz  gravel, 
and  pegmatite  quartz  in  California.  No  ferrosilicon  is 
manufactured  in  this  state ;  all  of  it  is  imported  from 
the  eastern  United  States.  Minor  amounts  of  crushed 
quartz  are  used  in  building  materials  or  are  purchased 
by  poultry  raisers  for  grits.  The  owner  of  a  quartz  de- 
posit of  possible  economic  value  can  attempt  to  sell  his 
product  to  the  already  limited  market  or  try  to  find 
new  uses  and  develop  new  markets  for  these  materials. 
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RARE  EARTH  ELEMENTS 

By  Llotd  C.  Pray* 


Although  the  rare  earth  elements  are  little  known 
metals,  they  constitute  about  one-sixth  of  the  known  ele- 
uents.  Some  of  the  rare  earth  elements  are  more  abun- 
dant in  the  earth 's  crust  than  many  of  the  more  familiar 
metals  such  as  lead,  tin,  and  molybdenum.  The  rare 
earths  are  somewhat  similar  in  their  chemical  properties, 
and  the  minerals  from  which  they  are  obtained  com- 
mercially ordinarily  contain  most  of  them.  Most  indus- 
irial  applications  of  the  rare  earths  have  utilized  such 
mixtures  in  the  ratio  in  which  they  are  recovered  from 
the  minerals.  The  rare  earths  are  becoming  increasingly 
significant  in  modern  industrial  technology  as  new  uses 
for  these  elements  are  developed,  and  the  demand  prob- 
ably will  increase  both  for  the  mixtures  and  for  purified 
rare  earth  elements.  At  present  the  rare  earths  are  used 
in  industry  principally  in  the  production  of  special  types 
of  glass;  in  cores  of  carbon-arc  electrodes  for  photo- 
graphic and  projection  equipment;  in  pyrophoric  alloy 
such  as  lighter  "flints";  and  as  an  additive  to  alloys  of 
steels  and  lighter  metals. 

The  largest  deposit  of  high-grade  rare  earth  minerals 
known  in  the  western  hemisphere — and  with  but  one 
possible  exception,  in  the  world — occurs  in  the  Mountain 
Pass  district  of  southeastern  San  Bernardino  County, 
California,  where  rare  earths  were  discovered  in  1949-50. 
Bastnaesite,  a  fluocarbonate  mineral  of  the  cerium  group 
rare  earths,  forms  about  10  percent  of  a  body  which  has 
an  areal  extent  of  about  20  acres,  and  a  minimum  proven 
thickness  of  50  feet.  This  deposit  has  sufficient  easily 
mineable  reserves  to  permit  a  many-fold  increase  in 
world  consumption  of  the  cerium  group,  the  most  widely 
used  rare  earths  at  the  present  time. 

Most  of  the  rare  earths  of  commerce  have  been  ob- 
tained from  monazite,  a  rare  earth  phosphate,  which  is 
also  the  major  source  of  thorium  (see  section  on  thorium 
in  this  volume).  Large  reserves  of  monazite  occur  in 
India  and  Brazil,  where  the  mineral  is  recovered  from 
"black  sand"  concentrates  of  beach  or  alluvial  deposits. 
A  monazite  lode  deposit  of  South  Africa  has  been  of 
major  significance  in  recent  years.  The  domestic  reserves 
of  placer  monazite  largely  in  Idaho  and  the  southeastern 
Atlantic  states,  are  now  known  to  be  appreciable.  Cali- 
fornia contains  both  primary  and  placer  deposits  of 
monazite,  but  there  has  been  little  or  no  commercial  pro- 
duction from  these  to  date. 

GEOCHEMISTRY 

The  major  rare  earth  elements,  as  they  are  usually 
classified,  are  16  in  number  (table  1).  All  of  the  elements 
with  atomic  numbers  from  57  to  71  are  in  the  rare  earth 
group.  In  addition,  the  element  yttrium  (atomic  number 
39)  is  also  generally  included,  owing  to  its  chemical  simi- 
larity to  the  true  rare  earth  elements.  Some  authorities 
include  the  elements  scandium  (Sc,  atomic  number  21), 
and  thorium  (Th,  atomic  number  90)  in  the  rare  earth 
group  on  the  basis  of  certain  similarities.  Thorium  is 
discussed  elsewhere  in  this  volume.  Scandium  is  not 
closely  related  in  mineral  occurrence  to  the  rare  earths, 
and  therefore  is  not  considered  in  this  article. 
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Tahle  I. 
Element  Symbol  Atomic  no. 

Yttrium Y  39 

Lanthanum La  57 

Cerium Ce  58 

Praeseodymlum  |  Pr  59 

Neodymium  f  Didymium  nj  60 

Prometheum Pm  61 

Samarium Sm  62 

Europium    Eu  63 

Gadolinium Gd  64 

Terbium Tb  65 

Dysprosium Dy  66 

Holmium Ho  67 

Erbium    Er  68 

Thulium Tm  69 

Ytterbium Yb  70 

Lutetium Lu  71 

Most  naturally  occurring  rare  earth-bearing  minerals 
contain  mixtures  of  several  rare  earth  elements  of  very 
similar  chemical  properties.  The  general  similarity  of 
chemical  behavior  of  rare  earth  elements  is  explained  on 
the  basis  of  their  atomic  configuration.  In  general,  if 
elements  are  arranged  in  order  of  increasing  atomic  num- 
ber, each  successive  element  differs  appreciably  in  its 
chemical  behavior  from  the  preceding  one,  owing  largely 
to  the  addition  of  one  electron  in  the  outer  orbital  elec- 
tron shell  of  the  atom.  However,  the  rare  earth  group  of 
elements  from  lanthanum  to  lutetium  all  have  the  same 
number  of  electrons  in  the  outer  orbital  shell.  The  differ- 
ences in  electronic  configuration  of  this  unusual  group 
are  those  of  the  number  and  distribution  of  electrons  in 
one  of  the  inner  electron  shells.  A  difference  of  the  num- 
ber of  electrons  in  this  inner  level  has  much  less  effect 
on  the  chemical  behavior  of  the  element  than  if  it  were 
in  the  outer  level,  thus  accounting  for  the  similarity  in 
behavior  of  the  rare  earth  group. 

Despite  the  similarities  in  chemical  and  physical  prop- 
erties, subtle  differences  do  exist  among  the  rare  earth 
elements.  These  can  be  related  largely  to  their  different 
atomic  weights,  and  to  their  slightly  differing  ionic  sizes. 
The  rare  earth  elements  commonly  are  subdivided  into 
two  major  groups,  the  cerium  group  which  includes  the 
elements  from  lanthanum  to  samarium  (atomic  numbers 
57  to  62)  and  the  yttrium  group,  which  includes  yttrium 
and  the  rare  earths  from  gadolinium  to  lutetium  (atomic 
numbers  64  to  71).  Europium  (atomic  number  63)  is 
placed  in  a  separate  category  by  some  authorities, 
whereas  others  consider  it  to  be  a  member  of  either  the 
cerium  or  yttrium  group. 

The  term  "rare  earth"  was  applied  to  the  oxides  of 
the  rare  earth  metals  prior  to  the  discovery  that  these 
were  similar  but  different  metallic  elements.  The  term  is 
now  applied  collectively  to  all  the  metallic  elements  of 
the  group.  As  initially  applied,  the  term  "rare  earth" 
referred  to  rare  earth  elements  in  the  oxide  form.  It  is 
now  used  for  any  of  the  rare  earth  elements,  regardless 
of  whether  they  are  in  the  metallic  state,  are  combined 
with  other  elements  to  form  oxides  ("earths"),  or  are  in 
other  chemical  compounds.  Although  the  term  "rare" 
appeared  justified  for  nearly  the  first  century  after  the 
discovery  of  rare  earths,  some  of  the  rare  earth  elements, 
such  as  cerium,  lanthanum,  and  neodymium,  are  present 
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in  the  earth's  crust  in  the  same  order  of  abundance  as 
the  more  familiar  metallic  elements  of  copper,  cobalt, 
lead,  nickel,  and  tin.  With  the  exception  of  prometheum, 
a  short-lived  radioactive  rare  earth  element,  all  of  the 
rare  earth  group  are  more  abundant  than  bismuth,  cad- 
mium, and  silver,  and  far  more  abundant  than  gold  or 
platinum  (Rankama  and  Sahama,  1950).  The  term 
"rare"  is  justified,  however,  as  these  elements  are  rarely 
concentrated  into  mineral  deposits  that  contain  as  much 
as  1  percent  of  rare  earths,  whereas  deposits  of  lead  and 
copper  commonly  consist  of  high-grade  masses. 

MINERALOGY 

The  rare  earth  elements  occur  in  three  major  ways  in 
the  earth's  crust.  Much  of  the  total  rare  earth  content  of 
the  crust  occurs  in  quantities  ranging  from  a  trace  to  a 
few  percent  in  common  rock-forming  minerals,  such  as 
feldspar  and  amphiboles.  Much  of  the  remainder  occurs 
as  a  major  constituent  of  such  minerals  as  monazite, 
allanite,  or  xenotime.  These  minerals,  however,  com- 
monly are  uniformly  disseminated  in  the  host  rock,  such 
as  a  granite,  and  form  but  a  minor  fraction  of  the  rock 
mass.  Some  of  the  rare  earth  elements  recently  have 
been  shown  (Brown  and  Silver,  1955)  to  occur  loosely 
bonded  to  mineral  surfaces  in  igneous  rocks.  Most  of 
commercial  sources  of  the  rare  earths  are  beach  or 
fluviatile  placer  deposits.  Primary  concentrations  of  rare 
earth  minerals  are  uncommon,  but  these  include  the 
bastnaesite  deposit  at  Mountain  Pass,  California.  Only 
a  few  of  the  known  primary  deposits  of  monazite  are  of 
sufficient  size  and  grade  to  be  mined  largely  for  the 
rare  earth  and  thorium  content. 

The  major  rare  earth  minerals  of  commercial  impor- 
tance are  monazite  and  bastnaesite.  Only  bastnaesite  has 
been  mined  commercially  in  California.  In  both  mona- 
zite and  bastnaesite  nearly  all  of  the  rare  earth  elements 
are  of  the  cerium  group.  The  proportions  of  the  elements 
in  the  bastnaesite  ore  from  Mountain  Pass,  California, 
are  about  50  percent  cerium,  30  percent  lanthanum,  14 
percent  neodymium,  4  percent  praeseodymium,  and  1 
percent  samarium.  At  present,  the  main  source  of  the 
yttrium  group  rare  earths  is  the  residue  obtained  in  the 
processing  of  monazite  for  the  cerium  group  rare  earths. 
Xenotime,  the  phosphate  of  yttrium  group  rare  earths, 
affords  a  source  for  some  of  the  relatively  small  amount 
of  yttrium  group  rare  earths  that  is  used  industrially. 

The  major  characteristics  of  these  three  minerals  are 
indicated  below;  owing  to  the  difficulty  of  recognition, 
however,  optical  and  chemical  tests  should  be  used  to 
confirm  megascopic  identifications  of  these  minerals. 

Bastnaesite,  (RE)FC03,  is  a  fluo-earbonate  of  the 
rare  earths  of  the  cerium  group.  It  has  a  hardness  of 
4.5,  and  a  specific  gravity  of  about  5.  It  ranges  in  color 
from  light  tan  or  honey  colored  to  reddish  brown  and 
.  has  a  distinct  resinous  luster.  Crystals  are  commonly 
of  tabular  or  prismatic  habit  and  belong  to  the  hexag- 
onal system. 

Monazite,  is  a  phosphate  of  rare  earths  of  the  cerium 
group.  It  may  contain  minor  amounts  of  rare  earths  of 
the  yttrium  group.  Thorium  commonly  forms  3  to  10 
percent  of  the  mineral.  Monazite  is  generally  honey- 
yellow  to  reddish  brown  in  color,  has  a  somewhat  resin- 
ous luster,  a  hardness  of  5  to  5.5  and  a  specific  gravity 


from  4.9  to  5.3.  It  is  monoclinic,  has  perfect  basal  cleav- 
age, good  cleavage  parallel  to  (100)  and  one  or  more 
inferior  cleavages  or  partings. 

Xenotime  is  the  phosphate  of  rare  earths  of  the 
yttrium  group.  It  occurs  in  short,  tetgragonal  prisms 
resembling  zircon,  and  has  perfect  prismatic  cleavage. 
Similar  to  bastnaesite  and  monazite,  the  colors  range 
from  pale  cream  and  tan  to  reddish  brown.  The  hard- 
ness is  4  to  5  and  specific  gravity  ranges  from  4.45  to 
4.56. 

A  potential  source  of  rare  earths  is  pyrochlore,  a  rare 
earth  columbate  and  tantalate  mineral,  now  known  to 
occur  in  several  large,  low-grade  deposits  in  the  world. 
Exploitation  of  this  source  is  dependent  upon  the  devel- 
opment of  economic  processes  for  benefieiation  of  the  ore 
and  for  separation  of  the  various  metallic  elements  in 
pyrochlore.  Many  other  minerals  contain  appreciable 
amounts  of  rare  earths,  but  none  forms  an  important 
commercial  source  of  these  elements  at  the  present  time. 
Included  among  the  more  common  or  potential  commer- 
cial sources  of  rare  earths  are  euxenite,*  fergusonite,  and 
samarskite  (all  complex  uranium-thorium-columbium- 
tantalum  minerals)  and  two,  allanite  and  cerite,  whioh 
are  iron-calcium-aluminum  silicates  of  the  rare  eartlis. 
Although  the  leaching  of  certain  igneous  rocks  by  dilute 
acid  (Brown  and  Silver,  1955)  will  remove  rare  earths, 
uranium,  and  other  elements,  this  process  is  not  commer- 
cially feasible  now.  It  would,  however,  furnish  a  source 
of  rare  earths  as  by-products  or  co-products  of  uranium. 

Prospecting  for  rare  earth  minerals  is  commonly 
aided  by  use  of  a  radioactivity  counter.  This  is  particu- 
larly useful  in  detection  of  monazite  deposits  as  tlie 
thorium  is  radioactive.  Although  bastnaesite  is  not 
radioactive,  the  Mountain  Pass  deposit  was  discovered 
with  the  aid  of  a  geiger  counter  which  responded  to  a 
low  but  detectable  amount  of  thorium  in  the  bastnaesite- 
bearing  veins.  Xenotime  is  normally  radioactive.  Alluvial 
concentrations  of  black  sands  should  be  checked  for  their 
mineral  content  by  expert  mineralogists  so  as  to  not  over- 
look possible  new  sources  of  rare  earth  minerals  as  well 
as  zircon,  rutile,  and  other  associated  heavy  minerals. 

RARE  EARTH   DEPOSITS  OF  CALIFORNIA 

The  only  commercially  significant  rare  earth  deposit 
known  in  California  at  the  present  time  (1957)  is  in  the 
Mountain  Pass  district  of  northeastern  San  Bernardino 
County.  This  deposit  is  of  an  unusual  mineralogic  type, 
and  is  the  largest  single  deposit  of  rare  earths  known  in 
the  western  hemisphere.  "Black  sands"  that  contain 
small  percentages  of  monazite  are  found  in  minor  con- 
centrations in  various  parts  of  California.  In  addition, 
rare  earth-bearing  minerals  have  been  reported  from 
numerous  other  localities  in  the  state  where  they  occur 
as  minor  constituents  of  primary  deposits,  but  at  which 
the  rare  earths  are  not  known  to  occur  in  sufficient  quan- 
tities to  permit  their  economic  recovery. 

Mountain  Pass  Area.  The  Mountain  Pass  area  of  rare 
earth  mineralization  lies  along  and  slightly  east  of  the 
divide  of  the  Mescal  Range  in  northeastern  San  Ber- 
nardino County,  California,  on  U.  S.  Highway  91,  about 

•  In  1957  some  placer  sands  in  Idaho  were  being  processed  for 
their  content  of  yttrium  earths,  largely  in  the  minerals  euxenite 
and  xenotime. 
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ludex  map  of  a  part  of  eastern  California,  showing  location  of  Mountain 
Pass  rare  earth  district  and  Sulphide  Queen  mine. 


60  miles  southwest  of  Las  Vegas,  Nevada.  The  area  is 
about  seven  miles  long  and  three  miles  wide,  and  trends 
northwest.  The  rare  earth  deposit  of  the  greatest  com- 
mercial significance  occurs  about  one-half  mile  north- 
east of  the  small  settlement  of  Mountain  Pass  which  is 
.It  a  drainage  divide  on  U.  S.  Highway  91.  The  area  is  a 
idlling  upland  of  moderate  relief,  at  an  average  elevation 
of  5,000  feet,  and  nearly  all  of  the  mineral  deposits  are 
easily  accessible  by  road.  About  one-half  of  the  district 
is  covered  by  a  thin  veneer  of  alluvial  debris. 

Rare  earth  minerals  were  discovered  in  the  district  in 
April,  1949.  by  Herbert  E.  Woodward  and  Clarence 
Watkins.  The  presence  of  rare  earths  and  the  identity  of 
bastnaesite  as  the  major  rare  earth  mineral  was  estab- 
lished independently  by  laboratory  tests  by  B.  T.  Schenk 
of  the  U.  S.  Bureau  of  Mines  and  by  D.  P.  Hewett  of 
the  U.  S.  Geological  Survey.  Subsequent  prospecting  by 
individuals  and  geologic  investigations  by  members  of 
the  U.  S.  Geological  Survey  resulted  in  the  independent 
discovery  of  the  bastnaesite-bearing  Sulphide  Queen 
carbonate  body  in  1950,  as  well  as  numerous  other  minor 
vein  deposits  of  rare  earths  within  the  district. 


Initial  attention  was  focussed  on  the  high-grade  bast- 
naesite veins  at  the  discovery  site  area  known  as  the 
Birthday  claims  (Pray  and  Sharp,  1951 ;  Sharp  and 
Pray,  1952),  but  with  the  discovery  of  bastnaesite  in  the 
large  Sulphide  Queen  carbonate  body  in  1950,  the  center 
of  interest  shifted  to  the  latter  deposit.  Since  1951,  all  of 
the  rare  earth  production  has  been  from  the  Sulphide 
Queen  ore  body.  This  single  deposit  contains  rare  earth 
reserves  estimated  at  many  times  the  combined  reserves 
of  all  other  deposits  in  the  district.  The  Molybdenum 
Corporation  of  America  owns  nearly  all  of  the  claims  in 
the  Mountain  Pass  district,  including  the  Sulphide 
Queen  deposit  and  the  Birthday  claims. 

A  U.  S.  Geological  Survey  Professional  Paper  (Olson, 
Shawe,  Pray,  and  Sharp,  1954)  contains  the  most  com- 
prehensive geologic  data  yet  published  and  includes  a 
complete  history,  by  Hewett,  of  the  discovery.  A  sum- 
mary of  the  geological  relationships  in  the  Mountain  Pass 
district  is  given  by  Olson  and  Pray  (1954),  and  data 
pertaining  to  the  surrounding  area  have  been  recently 
published  by  Hewett  (1956). 
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Rore  -  eorth  beoring 
corbonate    rock 


FlouBE  2.     Generalized  geologic  map  of  Sulphide  Queen  rare  earth  deposit,  San  Bernardino  County. 


The  Mountain  Pass  rare  earth  deposits  lie  in  a  belt 
of  pre-Cambrian  metamorphie  and  igneous  rocks  which 
is  exposed  in  an  elongate  northwest-trending  fault 
block.  A  northwest-trending  fault  directly  north  of  the 
Birthday  shaft  and  less  than  one-half  mile  north  of  the 
Sulphide  Queen  ore  body  appears  to  form  the  northern 
boundary  of  the  area  of  rare  earth  mineralization.  Two 
transverse  faults  each  with  left  lateral  movement  and  of 
northwesterly  trend,  appear  to  offset  the  southern  part 
of  the  mineralized  zone. 


The  pre-Cambrian  metamorphie  and  igneous  complex 
consists  largely  of  (1)  hornblende  and  mica  gneisses  and 
schists,  (2)  granitic  augen  gneisses  and  minor  associated 
pegmatites,  and  (3)  minor  intrusive  igneous  rocks  many 
of  which  are  of  potash-rich,  quartz-poor  types  such  as 
shonkinite  and  syenite.  This  complex  is  intruded  by 
Tertiary  (?)  dikes  predominantly  of  andesitic  composi- 
tion, but  including  rhyolites  and  basalts. 

The  potash-rich  rocks  comprise  seven  large  intrusive 
bodies  and  several  hundred  thin  dikes.  The  largest  of 
these  intrusive  bodies  consists  of  shonkinite  and  mafic 
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syenite,  is  about  6,000  feet  long  and  1,800  feet  wide,  and 
(iccurs  in  the  Sulphide  Queen  and  Birthday  claims  area. 
Phe  other  six  intrusive  masses  lie  south  of  U.  S.  Highway 
'M.  Of  these,  three  are  composite  shonkinite-syenite 
liodies,  two  are  leucosyenites,  and  one  is  granitic.  In  gen- 
eral, the  oldest  of  these  intrusive  rocks  are  the  coarse- 
^■■  rained  shonkinites  which  are  composed  of  about  equal 
proportions  of  biotite,  green  augite,  and  purplish-pink 
inicroline  feldspar.  The  successively  younger  rocks  of 
this  intrusive  sequence  are  finer  grained,  and  contain 
more  feldspar  and  quartz  and  a  lower  percentage  of 
mafic  constituents.  Of  the  latter,  amphibolites  occur  in 
place  of  the  augite  in  the  younger  intrusives,  and  also 
contain  augite  and  biotite.  They  are  more  feldspathic, 
however,  and  contain  quartz.  Local  dikes  of  fine-grained 
shonkinite  are  exceptions  to  this  rule,  and  appear  to  be 
the  latest  of  the  potash-rich  rocks.  Determinations  based 
on  studies  of  the  zircon  in  the  shonkinite  indicate  a  late 
pre-Cambrian  age  (Jaife,  1955). 

The  rare  earth  minerals,  principally  bastnaesite,  occur 
in  numerous  thin  veins  and  in  the  one  large  body  known 
as  the  Sulphide  Queen  ore  body.  All  of  these  deposits 
consist  largely  of  calcite  and  barite.  The  veins  are 
somewhat  younger  than  the  potash-rich  intrusive  rocks. 
Indeed,  the  intrusion  of  the  differentiated  series  of  the 
potash-rich  igneous  rocks  and  the  rare  earth  mineraliza- 
tion appear  to  have  been  parts  of  a  single  cycle  that 
ended  with  injection  and  hydrothermal  replacement  of 
both  the  igneous  rocks  and  their  metamorphic  hosts  by 
carbonate-rich,  rare  earth-bearing  materials.  A  pre-Cam- 
brian age  for  the  Sulphide  Queen  carbonate  body  has 
been  determined  by  studies  of  the  radioactivity  of  its 
contained  monazite  (Jaffe,  1955). 

The  Sulphide  Queen  ore  body  contains  by  far  the  larg- 
est known  reserves  of  rare  earth  minerals  in  the  Moun- 
tain Pass  area.  It  outcrops  over  an  area  of  about  20  acres 
and  covers  most  of  the  western  side  of  a  north-trending 
ridge.  The  body  is  nearly  half  a  mile  long  and  500  to  700 
feet  in  width  along  its  southern  half.  It  tapers  irregularly 
toward  the  north,  and  dips  moderately  westward.  It  is 
known  to  extend  to  depths  of  50  feet  under  most  of  the 
surface  outcrops,  and  geologic  evidence  suggests  it  per- 
sists to  much  greater  depths.  The  body  consists  largely 
of  calcite,  20-25  percent  barite  and  5  to  15  percent  bast- 
naesite. One  vein-like  mass  within  the  body  contained  as 
much  as  50  percent  bastnaesite  over  a  width  of  several 
tens  of  feet,  but  most  of  the  bastnaesite  is  rather  uni- 
formly disseminated  throughout  the  body.  Quartz  is  a 
ubiquitous  minor  mineral.  Other  carbonate  minerals  in- 
clude dolomite  and  ankerite.  Some  of  the  barite  contains 
appreciable  strontium,  locally  forming  the  mineral 
barian  celestite.  Other  rare  earth  minerals  present,  but 
not  of  commercial  importance,  include  parisite,  mona- 
zite, allanite,  sahamalite,  and  cerite. 

The  Sulphide  Queen  carbonate  body  is  crudely  foli- 
ated. It  contains  local  inclusions  of  potash-rich  igneous 
rocks  and  metamorphic  rocks.  The  geologic  evidence  sug- 
gests that  the  body  was  intruded  as  carbonatite.  Subse- 
quent to  emplacement,  the  mass  has  been  somewhat 
faulted  and  locally  altered  and  recrystallized. 

Precise  data  on  rare  earth  reserves  of  the  district 
are  not  available.  Nearly  all  of  the  reserves  are  in  the 
Sulphide  Queen  ore  body.  Drilling  of  the  body  to  a 
depth  of  50  feet  has  proved  the  existence  of  a  block  50 


FiGUBE  3.     View  of  main  quarry,  Sulphide  Queen  rare  earth 
deposit,  San  Bernardino  County. 

by  400  by  1,000  feet  that  contains  more  than  10  percent 
rare  earths  (Anonymous,  1952).  This  would  constitute 
more  than  200,000  tons  of  rare  earths,  a  figure  many 
times  greater  than  total  world  consumption  of  rare  earth 
elements  to  date.  As  much  of  the  body  apparently  per- 
sists to  depths  considerably  greater  than  50  feet,  a  total 
inferred  reserve  of  the  order  of  one  million  tons  of  rare 
earths  seems  to  be  a  conservative  estimate.  The  Sulphide 
Queen  carbonate  body,  therefore,  may  well  be  the  largest 
known  concentration  of  rare  earths  in  the  world. 

Most  of  the  smaller  concentrations  of  carbonate  rock 
in  the  district  form  distinct  veins,  commonly  a  few 
inches  to  a  few  feet  in  width  and  as  much  as  several 
hundred  feet  in  length.  Like  the  Sulphide  Queen  carbon- 
ate body,  the  veins  consist  largely  of  calcite,  barite,  and 
bastnaesite.  In  the  Birthday  claims  area  of  the  original 
discovery  (Sharp  and  Pray,  1952),  veins,  a  few  feet 
thick,  were  found  to  contain  bastnaesite  crystals  which 
were  as  much  as  4  inches  across  and  formed  a  third  or 
more  of  the  vein.  These  veins  were  mined  for  a  short  time 
prior  to  the  discovery  of  the  Sulphide  Queen  ore  body, 
but  their  erratic  nature  in  depth  and  narrow  width  make 
them  much  more  costly  to  mine  than  the  massive  Sul- 
phide Queen  deposit.  The  mining  of  other  rare  earth- 
bearing  veins  of  the  district  has  been  deterred  for  sim- 
ilar reasons. 


PuiLui.   1.     \'ie\v  of  rare  earth  mill  of  Molybdenum  Corporation  of 
America,  Mountain  Pass  district,  San  Bernardino  County. 
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The  only  rare  earth  ore  currently  (1957)  mined  in 
the  Mountain  Pass  district  is  obtained  from  open  pit 
quarry  operations  at  several  faces  into  the  southwest  and 
west  central  parts  of  the  Sulphide  Queen  ore  body.  To 
date  operations  have  not  extended  to  levels  below  the 
level  of  the  lowest  outcrops  of  the  body.  The  faces  are 
blasted,  ore  loaded  into  trucks  by  power  shovels,  and 
thence  trucked  about  a  quarter  mile  to  the  mill  site. 
Pigrure  3  shows  the  open  cuts  as  thev  appeared  in 
July,  1956. 

The  Sulphide  Queen  ore,  as  mined,  has  averaged  7  to 
10  percent  rare  earth  oxides,  almost  entirely  derived 
from  the  mineral  bastnaesite.  The  milling  process  has 
now  been  perfected  to  obtain  a  concentrate  of  90  per- 
cent or  more  rare  earth  oxides,  and  only  a  low  propor- 
tion of  rare  earths  is  lost  in  the  tailings.  The  capacity 
of  the  present  mill  is  approximately  150  tons  per  day. 
If  the  rare  earth  market  were  to  improve  appreciably, 
the  capacity  of  the  mining  and  milling  operations  could 
be  increased  manyfold.  Details  of  the  mill  circuit  are 
given  by  Dayton  (1956).  The  major  steps  in  the  process 
are  outlined  below: 


Major  process 

Equipment  type 

Remarks 

IPrimary  jaw  crusher 

Ore    averages   7-10 
percent  rare  earth 

Crushers 

-  \ 

oxide. 

(Symonds  cone  crusher 

— i"    mesh 

mod  mill 

— 10  mesh 

Grinders 

(Marcy  ball  mill 

Classifier   

.  Dorr  classifier 

Closed  circuit  with  ball  mill. 
Discharges — 100    mesh. 

Flotation   __. 

-Fagergren  and  Agitair 

Heat     pulp,     reagents    float 

rougher  cells 

bastnaesite  and  depress  ba- 
rite,  calcite  and  quartz. 

Denver,  18-S  cleaner 

Rougher  cells  produce  35  per- 

cells, five  stages 

cent  rare  earth  concentrate 
and  cleaner  cells  produce 
63  percent  concentrate. 

Leaching  

_10  percent  HCl 

Dissolves  calcite  gangue. 

Filtration  __. 

-Eimco  disc  filter 

Yields  72  percent  rare  earth 
oxide  concentrate. 

Calcining  __ 

-Edwards  roaster 

Burns  off  fluoearbonate  con- 
tent, yields  90  percent  plus 
concentrate  of  rare  earth 
oxides. 

Other  Rare  Earth  Occurrences  in  California.  Al- 
though rare  earths,  mostly  in  the  mineral  monazite,  are 
known  from  widely  scattered  localities  throughout  the 
state,  the  only  deposits  currently  exploited,  or,  indeed, 
known  to  afford  much  promise,  are  those  of  the  Moun- 
tain Pass  district.  Becent  prospecting  with  geiger  and 
scintillation  counters  has  revealed  many  deposits  con- 
taining monazite,  especially  in  San  Bernardino  and 
Riverside  Counties.  Monazite  occurrences  in  the  state 
have  been  reviewed  in  detail  by  Walker,  Lovering,  and 
Stephens  (1956)  and  are  discussed  in  the  section  on 
thorium  in  this  volume.  The  principal  primary  deposits 
that  have  been  discovered  to  date  are  in  the  Rock  Corral 
area  of  San  Bernardino  County,  and  the  nearby  Live 
Oak  tank  and  Desert  View  areas  of  Riverside  County, 
both  near  Twenty-nine  Palms.  In  these  deposits  small 
amounts  of  allanite,  monazite,  and,  locally,  xenotime 
occur  in  biotite-rich  lenses  of  gneissic  rocks.  The  same 


minerals  also  are  disseminated  in  large  bodies  of  quartz 
monzonite  and  related  silicic  plutonic  rocks. 

Monazite  and  xenotime  have  been  reported  to  occur  in 
pegmatites  in  the  Southern  Pacific  silica  quarry  near 
Nuevo,  in  Riverside  County.  Monazite  is  also  known  in 
other  pegmatites  near  Riverside;  and  in  the  pegmatites 
of  the  Pala  and  Mesa  Grande  areas,  San  Diego  County 
(Chesterman,  1950). 

Monazite  occurs  as  a  minor  constituent  of  black  sands 
throughout  the  state,  especially  in  Butte  County  and  the 
' '  Indian  Diggins ' '  district,  and  at  Placerville,  El  Dorado 
County ;  Michigan  Bluff,  Placer  County ;  the  Brownsville 
district,  Yuba  County ;  Crescent  City,  Del  Norte  County ; 
Trinidad,  Humboldt  County;  and  Redondo  Beach,  Los 
Angeles  County. 

Xenotime  is  probably  as  widely  distributed,  though 
less  abundant  than  monazite.  It  has  been  reported  in  the 
Twenty-nine  Palms  area  and  near  Nuevo,  Riverside 
County  (Walker,  Lovering,  and  Stephens,  1956)  and  as 
a  detrital  mineral  in  Pacific  beach  sands  (Hutton,  1952). 
No  commercial  occurrences  are  known  in  California. 

UTILIZATION 

Rare  earths  currently  have  many  industrial  uses,  but 
no  single  use  is  predominant.  With  increasing  availa- 
bility of  the  individual  elements  of  the  rare  earth  group, 
many  additional  uses  certainly  will  be  found  and  the 
demand  for  rare  earths,  both  as  mixtures  and  as  purified 
single  elements,  will  increase.  Most  of  the  rare  earths  of 
commerce  are  those  of  the  cerium  group.  As  previously 
stated,  for  many  uses,  the  constituent  rare  earth  elements 
of  the  ore  are  not  separated,  but  are  used  in  roughly  the 
proportions  in  which  they  occur  in  the  two  major  source 
minerals — monazite  and  bastnaesite.  Kremers  (1949)  re- 
ported that  rare  earth  utilization  was  divided  as  follows : 
glass  industry,  30  percent ;  carbon-are  electrode  cores,  25 
percent;  misch  metal  and  ferrocerium,  20  percent;  and 
miscellaneous,  25  percent. 

The  fluorides  and  oxides  of  the  cerium  group  rare 
earths  are  added  to  the  carbon-arc  electrode  cores  to 
cause  more  of  the  light  to  be  emitted  in  the  visible  spec- 
trum. The  intense  white  light  needed  for  the  photog- 
raphy and  projection  of  motion  pictures,  in  high  speed 
photography,  and  in  searchlights  is  generally  obtained 
by  the  use  of  these  rare  earth  elements. 

Rare  earths  are  utilized  in  the  glass  industry  for  many 
special  purposes.  They  are  used  as  both  colorizing  and 
decolorizing  agents.  Cerium  oxide  is  used  as  an  opacifier 
for  porcelain  sign  coatings.  The  addition  of  2  to  4  per- 
cent cerium  oxide  to  glass  permits  absorption  of  ultra- 
violet light  waves.  Lanthanum  oxide  is  used  to  make  a 
non-corroding  optical  glass  of  high  refractive  index  for 
lenses.  High-purity  cerium  oxide  is  used  for  windows  of 
nuclear  reactors. 

Many  of  the  rare  earth  elements  have  been  marketed 
as  misch  metal.  In  this  substance  the  proportions  of  the 
rare  earth  elements  are  not  fixed,  but  are  essentially  the 
same  as  the  proportions  in  the  monazite  or  bastnaesite 
ores  from  which  the  rare  earths  are  extracted.  The  rare 
earths  in  misch  metal  are  largely,  or  entirely,  those  of 
the  cerium  group.  The  mixture  commonly  is  referred  to 
as  "cerium"  in  the  trade.  Russell  (1954)  indicates  the 
approximate  proportions  of  the  rare  earth  elements  in 
misch  metal   to  be  as   follows :   cerium,   50-55   percent : 
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huithanum,  22-25  percent;  neodymium,  15-17  percent; 
and  other  rare  earths,  8-10  percent.  Other  published 
figures  on  the  proportions  of  rare  earth  elements  in 
misch  metal  vary  somewhat  from  the  above  figures. 

Misch  metal  is  diluted  with  15-40  percent  iron  to 
make  ferrocerium  or  "sparking  metal"  which  is  used  as 
■flints"  for  cigarette  lighters,  miners'  lamps,  and  simi- 
lar devices.  Misch  metal  is  alloyed  with  aluminum,  cop- 
per, magnesium,  zinc,  and  zirconium  for  specialized  uses. 
.Vlthough  most  of  the  metallurgical  uses  of  rare  earths 
I'niploy  misch  metal,  rare  earth  oxides,  derived  from 
<  alifornia  bastnaesite,  have  been  recently  used  in  place 
of  misch  metal  in  some  applications. 

Rare  earths  added  to  aluminum  and  magnesium  are 
reported  to  improve  the  alloy  strengths  of  these  metals 
at  intermediate  to  high  temperatures,  and  are,  therefore, 
of  importance  in  certain  parts  for  jet  engines,  gas  tur- 
bines, and  similar  equipment  (Loring,  1951;  Leontis, 
1952).  Rare  earths  also  are  reported  to  improve  the 
forging  and  casting  qualities  of  aluminum  and  mag- 
nesium alloys  (Loring,  1951;  McDonald,  1952a,  1952b). 

Rare  earth  metals  are  used  as  deoxidizing  agents  in 
iron  and  can  be  used  in  copper  and  copper  alloys.  They 
are  known  to  improve  the  electrical  properties  of  silicon 
electrical  steels.  Minor  amounts  of  rare  earths  are  used 
as  abrasives  for  polishing  optical  surfaces;  as  oxidizing 
agents  in  photography;  in  the  tanning  of  leather;  in 
compounding  printing  inks  and  phosphors;  and  many 
miscellaneous  uses  (Lamb,  1955). 

A  large  potential  market  exists  for  rare  earths  in  the 
manufacture  of  steel  and  steel  alloys.  The  addition  of 
about  1  to  2  percent  rare  earths  to  steel  is  reported  to 
improve  working  qualities  and  to  create  a  finer  and 
stronger  grain  than  exists  in  ordinary  steel  (Post  et  al., 
1031;  Russell,  1954).  The  development  of  a  mass  market 
in  the  steel  industry  would  vastly  increase  consumption 
of  rare  earths,  and  cause  an  increasing  dependence  on 
Mountain  Pass  deposits.  To  date,  however,  the  use  of 
rare  earth  additives  in  steel  has  been  limited  to  special 
bigh  alloy  types  (Lamb,  1950).  Nevertheless,  a  wider 
I  isage  of  rare  earths  in  such  steels  would  form  an  impor- 
tant domestic  market. 

A  potential  use,  but  one  difficult  to  evaluate  currently, 
is  in  nuclear  reactors.  Samarium,  gadolinium,  europium, 
and  dysprosium  absorb  slow  neutrons  and  thus  can  be 
utilized  to  control  the  rate  of  the  nuclear  reaction.  Euro- 
pium appears  especially  valuable  for  this  purpose. 

MARKETING  AND  PRICES 

Several  factors  make  the  market  for  rare  earths  an 
uncertain  one.  Monazite,  as  a  thorium-bearing  material, 
is;  subject  to  the  control  of  the  Atomic  Energy  Commis- 
>ion,  so  that  data  pertaining  to  imports  and  consumption 
of  monazite  are  classified.  Moreover,  as  new  sources  of 
rare  earths  have  been  discovered  and  brought  into  pro- 
duction, such  as  the  Mountain  Pass  deposit  of  California 
and  the  Van  Rhynsdorp  monazite  lode  deposit  of  South 
Africa,  the  availability  and  price  structure  has  fluctu- 
ated markedly. 

In  the  years  just  preceding  World  War  II,  the  yearly 
^^•orld  production  of  monazite,  then  the  only  significant 
source  of  rare  earths,  was  about  4,000  to  5,000  tons.  One 
ton  of  monazite  is  equivalent  to  one-half  to  two-thirds 


of  a  ton  of  rare  earth  oxide.  Domestic  imports  during 
1941  to  1943  averaged  about  4,300  tons  and  dropped  off 
sharply  in  1944  and  1945,  the  last  period  for  which  fig- 
ures are  available.  Kremers  (1956)  reports  that  domestic 
rare  earth  consumption  in  1956  was  equivalent  to  about 
4,000  tons  of  monazite  annually.  This  is  equivalent  to 
about  2,500  tons  of  rare  earths.  Monazite  prices  depend 
on  the  proportion  of  rare  earths  and  thorium.  In  1954, 
the  price  ranged  between  $300  and  $400  per  short  ton 
(Lamb,  1955).  In  1955,  the  increasing  availability  of 
monazite  from  the  high  grade  hydrothermal  lode  deposit 
of  the  Anglo-American  Corporation  in  Van  Rhynsdorp 
district  of  the  Cape  Province,  South  Africa,  caused 
prices  to  drop  as  low  as  $260  per  ton.  This  has  forced 
some  domestic  operators  of  marginal  monazite  deposits 
to  curtail  or  cease  operations,  and  has  curtailed  the  pro- 
duction at  Mountain  Pass,  California. 

There  is  no  fixed  price  schedule  for  bastnaesite  con- 
centrates. In  1954,  the  Molybdenum  Corporation  of 
America  reduced  the  price  of  its  roasted  bastnaesite 
concentrate  (essentially  rare  earth  oxide)  from  $1.50 
to  $1.00  per  pound.  The  quoted  price  has  remained  at 
$1.00  since  that  time.  The  actual  contract  price  for 
purchases  is  not  known  to  the  writer.  The  mill  at  Moun- 
tain Pass  has  a  present  reported  capacity  of  5,000  tons 
of  rare  earth  concentrates  per  year,  a  figure  larger  than 
the  current  domestic  consumption.  In  1956  the  level  of 
production  at  Mountain  Pass  was  far  below  capacity. 

In  1955,  misch  metal  was  quoted  at  $3.50  per  pound, 
and  ferrocerium  at  $8.00  per  pound.  The  prices  of  puri- 
fied rare  earth  elements  are  much  higher  than  ferroce- 
rium. Small  lots  (5  grams)  of  purified  rare  earth  ele- 
ments were  first  commercially  available  in  1955. 

OUTLOOK 

The  utilization  of  rare  earths  probably  will  be  in- 
creased as  new  applications  are  discovered.  A  continua- 
tion of  current  uses  can  be  expected  to  require  several 
thousand  tons  of  rare  earths  per  year.  Rare  earth  pro- 
duction will  continue  to  be  closely  related  with  that  of 
thorium,  as  much  of  the  rare  earth  output  is  obtained 
from  monazite.  The  world  outlook  for  thorium  has  re- 
cently been  reviewed  by  Davidson  (1956),  Franklin  and 
Eigo  (1955),  and  Kremers  (1956).  The  following  com- 
ments are  derived  largely  from  these  sources :  Currently 
the  world  has  an  over-supply  of  rare  earths.  The  present 
productive  capacity  at  each  of  the  two  major  primary 
deposits  (Van  Rhynsdorp  lode  deposit  of  South  Africa 
with  a  capacity  of  10,000  tons  of  70  percent  monazite  per 
year,  and  Mountain  Pass  deposit  which  could  yield  5,000 
tons  of  rare  earth  concentrate  per  year)  approximates 
the  world  consumption  of  rare  earths.  In  addition,  placer 
deposits,  such  as  those  in  Australia,  Brazil,  Ceylon  and 
India  can  contribute  additional  thousands  of  tons  of 
rare  earths  annually  in  the  form  of  monazite.  Lode  de- 
posits of  monazite  of  potential  commercial  significance 
recently  have  been  reported  in  the  Lake  Athabaska  dis- 
trict of  Saskatchewan,  Canada. 

A  factor  difficult  to  evaluate  currently  is  the  demand 
for  thorium  for  atomic  reactors.  Several  authorities 
(Kremers,  1956;  Dunworth,  1955)  have  reviewed  possi- 
ble needs  for  thorium  in  this  developing  field.  The  con- 
sensus is  that,  even  with  an  extensive  usage  of  a  thorium 
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reactor,  the  annual  amount  would  not  greatly  exceed 
present  productive  capacity  of  the  world's  monazite 
operations. 

Pyrochlore  may  also  become  important  as  a  source 
of  rare  earths  and  influence  the  market  outlook.  If  bene- 
ficiation  and  separation  problems  can  be  solved,  large 
low-grade  deposits  of  pyrochlore  could  ai¥ord  a  source 
of  columbium,  tantalum,  thorium,  uranium,  and  rare 
earths. 

The  immediate  outlook  for  the  Mountain  Pass  district 
of  California  is  uncertain  in  the  face  of  competition  of 
the  South  African  lode  deposit  of  monazite,  and  to  a 
lesser  degree  by  some  of  the  placer  monazite  production. 
An  increasing  demand  for  thorium  would  provide  an 
equally  increasing  problem  to  the  producer  of  a  rare 
earth  mineral  that  contains  little  or  no  thorium.  Much 
effort  is  being  devoted  currently  toward  development  of 
new  uses  for  rare  earths.  This  effort  should  eventually 
lead  to  an  appreciable  increase  in  demand  and  to  an 
extensive  development  of  the  Mountain  Pass  rare  earth 
deposits.  As  a  strategic  domestic  reserve  of  rare  earths, 
the  Mountain  Pass  area  already  is  of  prime  importance. 
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SALINES 

By  William  E.  Vek  Planck 


The  salines  are  the  natural  soluble  salts  which  occur 
in  saline  solutions  and  as  soluble  residues  derived  from 
the  evaporation  of  solutions.  Deposits  of  saline  minerals 
are  found  only  in  arid  regions  unless  they  have  been 
buried  and  protected  from  solution.  Saline  commodities 
of  commerce  include  borates,  bromine,  calcium  chloride, 
iodine,  nitrates,  potassium  salts,  sodium  chloride  or  com- 
mon salt,  sodium  carbonate,  and  sodium  sulfate,  all  of 
which  except  nitrates  are  of  commercial  importance  in 
California.  Gypsum,  because  of  its  geologic  occurrence 
and  origin,  is  included,  although  it  commonly  is  classi- 
fied vrith  the  structural  materials.  Compounds  of  lithium, 
magnesium,  and  strontium  may  be  conveniently  included 
because  in  California  they  are  now  recovered  mostly 
from  saline  sources.  In  1953  the  value  of  the  salines 
produced  in  California  amounted  to  $41,511,000,  or 
about  18  percent  of  the  value  of  all  mineral  commodi- 
ties exclusive  of  mineral  fuels. 

Source  of  the  Soluble  Salts.  Dissolved  minerals  are  to 
be  found  in  almost  all  water.  Many  of  the  soluble  salts 
are  derived  from  the  weathering  of  rock-forming  min- 
erals. Carbon  dioxide  of  the  atmosphere  dissolves  in 
||  water  to  form  a  weak  solution  of  carbonic  acid  that 
■slowly  attacks  silicates.  Feldspars,  for  example,  are 
lifoken  down  to  insoluble  clay  minerals  and  carbonates 
of  potassium,  sodium,  and  calcium  that  are  carried  away 
ill  solution.  Soluble  sulfates  result  from  the  action  of 

I  If  uric  acid  derived  from  the  weathering  of  sulfides, 
I  i<articularly  pyrite.  The  weathering  of  silicates  does  not 
11  produce  the  quantities  of  chlorides  and  borates  found 
■  in  some  waters.  An  important  part  of  the  sodium  chlor- 
ide of  terrestrial  waters  is  sea  water  that  has  been 
trapped  in  the  interstices  of  marine  sediments.  Borates 
and  perhaps  part  of  the  chlorides  are  thought  to  be  de- 
rived from  hot  springs  associated  with  volcanism  or 
from  the  leaching  of  volcanic  ejecta. 

These  soluble  products  find  their  way  into  rivers.  The 
dissolved  solids  content  of  the  California  rivers  ranges 
from  2,412  parts  per  million  in  the  Santa  Maria  River 
at  Santa  Maria  to  65  parts  per  million  in  the  Merced 
River  at  Merced  Falls.  The  California  rivers  vary  also 
iu  the  relative  proportions  of  the  dissolved  solids.  In 
most  of  them  carbonate  predominates,  but  some  are  high 
in  sulfate.  The  chloride  concentration  is  in  all  eases 
lower  than  the  carbonate  or  sulfate  concentration.  In  a 
similar  way,  the  relative  abundance  of  magnesium,  cal- 
cium, and  sodium  varies  from  river  to  river.  The  propor- 
tion of  magnesium  is  less  than  that  of  calcium  or  sodium, 
but  the  number  of  rivers  high  in  sodium  is  about  equal 
to  the  number  high  in  calcium. 

River  water  finds  its  way  to  the  sea  or  to  undrained 
basins  where  the  dissolved  solids  accumulate.  The  salin- 
ity of  the  sea  varies,  but  the  following  analysis  of  the 
dissolved  solids  may  be  taken  as  representative. 

In  a  comparison  of  sea  water  with  average  river  water, 
t  wo  facts  are  apparent.  The  first  fact  is  that  the  relative 
abundance  of  the  dissolved  solids  is  reversed.  In  average 
liver  water  calcium  carbonate  and  calcium  sulfate  are 
the  most  abundant  salts,  while  sodium  chloride  is  of 
minor  importance.  In  sea  water,  however,  sodium  chlor- 


Average  dissolved  solids  content  of 
river  water  throughout  the  world  *. 

Percent  of  dissolved  solids 

COs 35.15 

SO. 12.14 

CI 5.68 

NOa  0.90 

Ca 20.39 

Mg 3.41 

Na   5.79 

K   2.12 

Fe^Os  AUO. 2.75 

SiOa 11.67 

100.00 
Analysis  of  total  dissolved  solids  in  sea  water  f. 

Percent  of  dissolved  solids 

CI 55.292 

Br 0.188 

SO4 7.692 

CO3 0.207 

Na   30.593 

K   1.106 

Ca   1.197 

Mg 3.725 

100.000 
Dissolved  solids  content  3.301  percent  to  3.737  percent. 

*  Clarke,  F.  W,,  1924,  p.  119,  analysis  F. 
t  Clarke,  F.  W.,  1924,  p.  127,  analysis  A. 

ide  is  far  more  abundant  than  the  other  salts.  The  second 
fact  is  that  the  chloride  concentration  in  the  sea  is  in 
excess  of  sodium,  while  in  rivers  the  opposite  is  true. 
When  river  water  reaches  the  sea,  calcium  carbonate  is 
precipitated  or  withdrawn  by  organisms,  and  sulfates 
probably  precipitate  also.  No  simple  explanation,  how- 
ever, is  apparent  for  the  excess  of  chloride  over  sodium 
in  the  sea. 

Classification  of  Brines.  Although  no  two  saline 
waters  are  exactly  alike,  they  may  be  classified  into  three 
main  types  based  on  the  predominating  acid  radical. 
First  is  the  chloride  type  which  includes  sea  water  as 
well  as  many  terrestrial  brines.  Second  is  the  sulfate 
type,  and  third  is  the  alkali  or  volcanic  type  which  is 
characterized  by  carbonate.  Many  alkali  brines  contain 
substantial  amounts  of  sulfate  and  borate  in  addition 
to  carbonate,  but  chloride  is  present  in  subordinate 
amounts.  The  three  types  grade  into  one  another.  The 
metallic  ions  in  greatest  abundance  are  sodium,  potas- 
sium, calcium,  and  magnesium.  Chloride  and  sulfate 
brines  are  found  in  regions  of  sedimentary  rocks,  and 
alkali  brines  occur  where  volcanic  rocks  are  abundant. 
Ground  water  in  granitic  areas  is  likely  to  contain  only 
100  parts  per  million  or  less  of  dissolved  solids,  mostly 
calcium  carbonate  and  silica. 

The  Formation  of  Saline  Minerals.  Almost  all  de- 
posits of  saline  minerals  have  been  formed  by  the  evap- 
oration of  brines.  In  general,  salts  crystallize  in  inverse 
order  of  their  solubilities,  although  temperature  and  the 
presence  of  other  dissolved  salts  may  modify  the  order 
of  deposition.  In  1849  Usiglio  evaporated  water  from  the 
Mediterranean  Sea  to  determine  the  order  of  precipita- 


(475) 


476 


Bulletin  176 — Mineral  Commodities  op  California 


—  -<tRE.G  0  N 


MAP  SHOWING  LOCATION  OF 

SALINE  DEPOSITS  AND  PLANTS 

IN  CALIFORNIA 


DEPOSITS 


Boron  compounds 
Bromine 

Calcium  chloride 
Gypsum 
Iodine 


Lithium  compounds. 

Potassium  salts 

Salt 

Sodium  carbonate 

Sodium  sulfate 


SYt^BOLS 

•  Active,  1955 
o  Inactive.  1955 


\ 

CORKSCREW  CANYON 

RYAN-^0'""-'""" 
Co/nmon./^v^""-"-/!  C.  MINE 
DEATH 
VALLEY!^ 
Borax 
ulexita      ZAiRISKIE  ^   --- 

Borax.  Ulexiie  <CCHINA  RANCH 
22  ColemanilB 

'^\MESOUITE  VALLEY 

2o  -pyi""'" 


PLAYA  DEL  REY 

FIELD  lodlna-' 

DOMINOUEZ  FIELD  /o*/.e* 

LONG  BEACH  FIELD  lodmi- 

SEAL  BEACH  FIELD  lodint' 


Figure  1. 


MEXICO 
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tion  of  sea  salts.  When  the  volume  of  the  water  had  been 
reduced  one-half,  calcium  carbonate,  magnesium  car- 
bonate, and  ferric  oxide  began  to  precipitate.  At  20  per- 
cent of  the  original  volume  these  materials  were  com- 
pletely removed  from  solution,  and  gypsum  (CaS04- 
2H2O)  began  to  form.  When  the  volume  reached  15  per- 
cent of  the  original,  most  of  the  gypsum  had  precipi- 
tated ;  but  some  continued  to  come  out  down  to  3  percent. 
Salt  (NaCl)  began  to  form  in  quantity  when  the  volume 
was  reduced  to  10  percent  and  continued  to  1.6  percent. 
Magnesium  sulfate  and  magnesium  chloride  precipitated 
in  the  same  range,  but  the  greater  part  of  these  salts 
formed  after  most  of  the  sodium  chloride  had  come  out 
of  solution. 

From  many  terrestrial  chloride  brines  the  precipita- 
tion of  sodium  chloride  follows  that  of  the  slightly  solu- 
ble calcium  carbonate  and  gypsum;  but  if  much  sulfate 
is  present,  sodium  sulfate  may  crystallize  before  sodium 
chloride,  especially  in  cold  weather.  Many  alkali  brines 
yield  trona  (Na2C03-NaHC03-2H20)  rather  than  so- 
dium chloride  or  sodium  sulfate. 

The  mother  liquor  from  which  the  salts  of  moderate 
solubility  have  precipitated  is  called  bittern.  Sea  water 
bittern  is  rich  in  the  chlorides  and  sulfates  of  magnesium 
and  contains  smaller  amounts  of  potassium  and  bromine. 
The  high  magnesium  content  distinguishes  it  from  bit- 
terns derived  from  terrestrial  chloride  brines.  Alkali 
brines  yield  bitterns  containing  alkali  borates,  carbon- 
ates, chlorides,  and  sulfates. 

The  desiccation  of  bittern  yields  highly  soluble  salts, 
many  of  which  are  complex.  Bittern  salts  of  marine  ori- 
gin include  such  minerals  as : 

Sylvite    KCl 

Carnalite    KCl  •  MgCla  •  6H2O 

Kieserite    MgSO.HzO 

Polyhalite    2CaSO,-MgS04K.S04-2H20 

Langbeinite    K2SO.-2MgS04 

Boracite    SMgO-MgCIi-TBjOa 

In  contrast,  the  principal  minerals  associated  with  the 
alkali  brine  of  Searles  Lake,  San  Bernardino  County,  are : 

Halite   NaCl 

Hanksite    9Na2SO<-2Na2C03KCl 

Trona    Na.C03NaHC03-2H20 

Borax    XazBiOT  •  IOH2O 

Glaserite    3K2S04-Na2S04 

In  nature  usually  only  portions  of  the  ideal,  complete 
series  of  saline  residues  are  found.  Large  deposits  of 
pure  gypsum  and  pure  salt  are  well  known,  but  deposits 
of  bittern  salts  are  rare  and  commonly  consist  of  mix- 
tures of  several  salts. 

The  undrained  basins  of  the  California  deserts  are 
ideal  localities  for  the  concentration  by  evaporation  of 
dilute  mineral-bearing  water.  Salton  Sea  is  a  saline  lake 
that  was  formed  in  1905-06  by  a  flood  of  fresh  water 
from  the  Colorado  River.  If  it  were  not  replenished  by 
drainage  from  the  irrigation  systems  of  the  Imperial 
and  Coachella  Valleys,  Salton  Sea  would  have  dried  up 
between  1925  and  1930;  but  since  about  1920  evapora- 
tion and  inflow  have  been  roughly  equal.  The  salinity  of 
Salton  Sea  more  than  doubled  between  1916  and  1953, 
and  today  is  it  approximately  that  of  sea  water.  Prob- 
ably the  additional  dissolved  solids  came  from  the  nearly 
fresh  irrigation  water  that  has  been  flowing  into  Salton 
Sea. 


An  undrained  basin  in  a  region  of  high  evaporation  is 
likely  to  have  a  playa  of  intermittent  lake  in  its  lowest 
part.  Playas  ordinarily  are  dry,  but  after  heavy  rains 
they  may  be  covered  by  a  few  inches  of  water.  One  type 
of  playa  is  free  from  salines  and  contains  only  fine- 
grained, impervious  clastic  sediments.  In  another  type, 
brine  exists  within  10  feet  of  the  surface ;  and  the  sub- 
surface above  the  water  table  is  moist.  The  elastic  sedi- 
ments contain  disseminated  crystals  of  salts,  and  the 
playa  surface  may  have  an  efflorescent  crust  of  salts 
formed  by  the  evaporation  of  brine  drawn  up  by  capil- 
lary action.  A  third  type  of  playa  contains  crystal  bodies 
or  beds  of  salts  more  or  less  free  from  clastic  sediments. 
A  crystal  body  may  consist  of  a  single  salt  or  a  mixture 
of  several  salts ;  often  it  is  porous  and  contains  a  residual 
mother  liquor  that  is  in  chemical  equilibrium  with  the 
solid  salts.  Crystal  bodies  probably  form  by  the  precipi- 
tation of  salts  in  saline  lakes.  Many  of  the  basins  in 
California  that  now  contain  playas  held  lakes  in  Qua- 
ternary time,  but  crystal  bodies  are  believed  to  have 
formed  only  in  those  basins  that  received  the  clarified 
drainage  of  a  large  area  for  a  long  time. 

Under  favorable  circumstances  saline  deposits  may  be 
covered  with  impervious  mud  that  protects  them  from 
re-solution.  The  deposits  in  the  Quaternary  lakes  are  sub- 
stantially as  they  were  when  they  were  formed,  but 
saline  deposits  also  occur  in  older  rocks  that  have  been 
folded  and  faulted. 

Efflorescent  deposits  of  saline  minerals  are  not  re- 
stricted to  playas.  Efflorescent  crusts  of  calcium  car- 
bonate are  called  caliche.  Black  alkali  and  white  alkali 
soils  contain  efflorescent  deposits  of  sodium  carbonate 
and  sodium  sulfate  respectively.  Much  of  the  gypsum 
produced  in  California  has  come  from  the  San  Joaquin 
Valley  where  earthy  deposits  of  gypsum  and  silt  called 
gypsite  form  surface  layers  as  much  as  3  feet  thick. 

Owens  and  Searles  Lakes.  Searles  Lake,  which  con- 
tains the  largest  known  saline  deposit  in  California,  is  a 
playa  in  which  water  stands  above  the  surface  only  after 
heavy  rains.  Owens  Lake,  now  a  playa,  was  a  saline  lake 
until  its  inflow  was  decreased  with  the  completion  of  the 
Los  Angeles  aqueduct  in  1913.  These  are  two  of  a  series 
of  dry  lakes  which  during  Pleistocene  time  had  an  inte- 
grated drainage.  Owens  Lake  had  an  outlet  to  Searles 
Lake  through  Indian  Wells  Valley  and  Salt  Wells  Val- 
ley, alluvium-filled  basins  that  are  thought  to  have  acted 
as  settling  basins  and  to  have  provided  clear  water  to 
Searles  Lake.  Searles  Lake  in  turn  emptied  into  Pana- 
mint  Valley  and  probably  Death  Valley. 

Today  Searles  Lake  is  a  vast  flat  of  mud  and  sand 
containing  disseminated  salt  crystals.  Near  its  center  is 
a  permeable  crystal  body  which  averages  71  feet  in 
thickness  and  has  an  exposed  area  of  12  square  miles. 
The  interstices,  amounting  to  about  50  percent  of  the 
total  volume,  contain  strong  brine  in  chemical  equilib- 
rium with  the  soluble  salts.  Surrounding  the  exposed 
body  is  a  20-square-mile  area  where  commercial  salt 
bodies  as  much  as  30  feet  thick  are  covered  by  playa 
mud.  A  second  crystal  body  35  feet  thick  lies  beneath  the 
upper  and  is  separated  from  it  by  10  to  15  feet  of  im- 
pervious mud  in  which  salts  are  disseminated. 

The  principal  salts  of  the  upper  bodv  are  halite 
(NaCl),  hanksite  (9Na2S04-2NaoC03-KCl),  glaserite 
(3K2S04-Na2S04),     trona     (Na2C03-NaHC03-2H20), 
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and  borax  (Na2B4O7-10H2O)  arranged  in  very  irregular 
layers  characterized  by  one  salt  or  a  group  of  salts.  The 
following  log  of  a  bore  hole  in  the  central  part  of  the 
lake  illustrates  the  typical  sequence  (Teeple,  J.  E.,  1929, 
pp.  15,  16). 

0-15  feet:  Halite 

15-20  feet :  Halite,  hanksite,  and  trona 

20-25  feet:  Mostly  hanksite 

25-40  feet:  Hanksite,  halite,  trona,  borax 

40-55  feet :  Hanksite,  halite,  trona,  borax,  and  glaserite 

55-65  feet :  Mostly  glaserite  and  halite 

67-70  feet:  Trona,  halite,  and  hanksite 

70-75  feet :  Trona,  halite,  hanksite,  and  borax 

In  other  holes  the  surface  layer  of  nearly  pure  halite 
is  commonly  found.  Below  the  surface  layer  the  same 
salts  are  encountered  as  in  the  example  above  but  in 
different  proportions. 

The  brines  of  the  upper  and  lower  crystal  bodies  or 
structures  are  of  the  same  general  type,  but  the  propor- 


tions of  the  dissolved  solids  differ.  The  most  significant 
difference  is  the  higher  potassium  content  of  the  upper 
brine. 

Composition  of  the  upper  and  lower  structure 

hrines  of  Searles  Lake. 

(Ryan,  J.  E.,  1951,  p.  449,  Table  1) 

Upper  Lower 

structure,  percent     structure,  percent 

KCl ^ 5.08  2.94 

NazOOa   4.80  6.78 

Na^BiOT 1.63  1.96 

Na^SOi 6.75  6.56 

NaCl    16.06  15.51 

NazS 0.08  0.38 

Lis 0.015  0.006 

KBr 0.12  0.08 

W0» 0.007  0.004 

la 0.003  0.002 

P2O5  0.070  0.044 

F 0.002  0.002 

Neither  the  brines  nor  the  crystal  bodies  contain  cal- 
cium or  magnesium  salts,  although  these  are  among  the 
salts  that  are  disseminated  in  the  impervious  mud. 

Owens  Lake  before  its  desiccation  contained  princi- 
pally carbonates,  sulfates,  and  chlorides.  The  lake  bed 
now  contains  a  porous,  brine-filled  crystal  body  similar 
to  that  at  Searles  Lake  but  with  a  maximum  thickness 
of  only  9  feet.  Both  the  crystal  body  and  brine  are  higher 
in  soda  content  and  lower  in  potash  content  than 
Searles  Lake. 

Composition  of  Owens  Lake  irine.  f 

Summer  Winter 

(percent)  (percent) 

NasCOs 16.62  11.98 

NasBiO,   2.23  2.60 

NazSOi 2.32  5.04 

NaCl  plus  KCl  * 14.23  15.67 

•  Average  brine  contains  2-3  percent  KCl. 

Commercial  Operations.  The  commodities  obtained 
from  Owens  Lake  include  trona  or  sodium  sesquicarbon- 
ate,  soda  ash,  and  borax,  while  from  Searles  Lake  the 
following  are  produced:  potash,  borax,  boric  acid,  soda 
ash,  salt  cake,  bromine,  lithium  carbonate,  and  phos- 
phoric acid. 

Salines  have  been  produced  continuously  from  Owens 
Lake  since  the  early  1880 's.  The  history  of  production 
can  be  divided  into  three  more  or  less  overlapping  phases 
determined  mainly  by  the  concentration  of  the  lake 
water  and  the  methods  required  for  treating  it.  The  first 
began  with  the  completion  of  the  Carson  and  Colorado 
Railroad  in  1884  and  continued  until  about  1921.  The 
Inyo  Development  Company  evaporated  lake  brine  in 
solar  ponds  and  precipitated  trona  which  was  calcined 
to  a  rather  poor  grade  of  soda  ash.  This  process  was  dis- 
continued when  the  lake  brine  became  so  concentrated 
that  the  trona  precipitated  in  the  lake. 

During  the  second  phase,  which  lasted  from  1915-37, 
sodium  bicarbonate  was  made  by  passing  carbon  dioxide 
from  lime  kilns  through  towers  containing  lake  brine. 
Sodium  bicarbonate  was  calcined  to  soda  ash,  and  the 
CO2  was  recycled.  The  Natural  Soda  Products  Company, 

t  May,  P.  H.,  and  Leonardl,  M.  L.,  The  utilization  of  natural  brines 
from  California  dry  lakes  for  the  manufacture  of  soda  ash  by 
carbonation :  Unpublished  paper  presented  at  Am.  Inst.  Min. 
Met.  En&.,  southern  California  section  meeting,  Los  Angeles, 
October  25,  1949. 
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the  California  Alkali  Company,  and  the  Inyo  Chemical 
Company  used  this  process. 

The  third  and  present  phase  began  in  1935  when  the 
concentration  of  the  lake  brine  became  so  high  that  the 
liicarbonate  no  longer  could  be  obtained  in  the  ear- 
bonating  towers.  Brine  is  now  treated  by  the  Kuhnert 
I'arbonation  process  which  yields  sodium  sesquicarbonate 
or  trona.  At  present  the  only  plant  in  operation  is  that 
of  the  Pittsburgh  Plate  Glass  Company  at  Bartlett  on 
the  northwest  shore  of  the  lake. 

Brine  is  pumped  from  wells  sunk  in  the  crystal  body 
and  concentrated  by  solar  evaporation  to  13  percent 
sodium  carbonate.  The  concentrated  brine  is  carbonated 
with  flue  gas  in  open-topped  wooden  towers  80  feet  high. 
Flue  gas  with  a  carbon  dioxide  content  of  about  14  per- 
cent is  compressed  to  30  pounds  per  square  inch.  Trona 
is  precipitated,  partly  dewatered  in  a  thickener  tank 
and  dewatered  further  with  centrifuges.  The  principal 
product  of  the  plant  is  sodium  sesquicarbonate  (trona) 
which  is  prepared  by  drying  the  centrifuge  cake  at 
about  150°  C.  Part  of  the  cake  is  calcined  to  soda  ash 
ill  a  multiple-hearth  type  of  roaster.  Borax  can  be  re- 
covered by  chilling  the  centrifuge  filtrate,  but  compara- 
tively little  borax  has  been  produced  since  World 
War  II. 

Production  of  salines  at  Searles  Lake  started  about 
1873  when  J.  W.  and  D.  S.  Searles  began  to  produce 
l>orax  by  leaching  the  crust  of  the  playa  and  recrystal- 
lizing  the  salts.  Five  years  later  this  operation  was  in- 
corporated as  the  San  Bernardino  Borax  Mining  Com- 
pany. Borax  was  produced  until  1895  when  the  Pacific 
<  'oast  Borax  Company,  which  owned  rich  colemanite 
deposits  near  Calico,  San  Bernardino  County,  bought 
file  property. 

About  1908  the  California  Trona  Company  was  in- 
corporated for  the  purpose  of  producing  soda  ash  both 
from  the  lake  brine  and  from  the  reefs  of  trona  on  the 
cast  side  of  the  lake.  This  operation  failed  in  1909.  The 
receiver  continued  development  and  kept  the  property 
intact  by  performing  the  necessary  assessment  work. 

The  shortage  of  potash  that  became  acute  during 
World  War  I  began  to  develop  in  1910.  The  presence  of 
potash  in  Searles  Lake  was  announced  to  the  press  in 
.March  1912  after  E.  E.  Free  of  the  United  States  Bureau 
of  Soils  and  H.  S.  Gale  had  collected  and  analyzed  repre- 
sentative brine  samples.  This  announcement  and  a  report 
prepared  and  published  by  the  United  States  Geological 
Survey  created  a  lively  interest  in  Searles  Lake.  A 
period  of  claim  jumping  followed  that  clouded  the  title 
of  the  California  Trona  Company  to  its  Searles  Lake 
^  property.  In  February  1913  the  United  States  Govern- 
ment withdrew  from  public  entry  the  saline  lands  of 
Searles  Lake,  but  in  1916  the  California  Trona  Com- 
pany obtained  a  clear  title  to  its  claims.  Subsequently 
its  successor,  the  American  Trona  Corporation,  obtained 
patented  claims  in  the  north-central  part  of  the  lake. 

The  American  Trona  Corporation  completed  a  plant 
in  1914  which  was  to  recover  sodium  carbonate  and 
potassium  chloride.  The  operation  was  unsuccessful,  and 
commercial  operations  did  not  begin  until  September 
1916  after  the  plant  had  been  completely  rebuilt.  Sev- 
eral other  companies  built  experimental  plants ;  but  only 
one,  in  addition  to  the  American  Trona  Corporation, 
became  a  producer.  This  plant,  owned  jointly  by  the 


Pacific  Coast  Borax  Company  and  the  Solvay  Process 
Company,  operated  at  Borosolvay  from  1916  to  1920. 
A  low  grade  of  potash  was  produced  at  high  cost. 

After  foreign  potash  became  available  again,  potash 
from  Searles  Lake  was  no  longer  salable.  The  plant  at 
Borosolvay  was  shut  down,  but  the  American  Trona  Cor- 
poration initiated  an  intensive  research  program  that  en- 
abled it  to  reduce  costs  and  improve  the  quality  of  its 
products.  Reorganized  as  the  American  Potash  &  Chem- 
ical Corporation,  the  company  is  now  a  major  producer 
of  chemicals.  Early  in  World  War  II  it  was  discovered 
that  over  90  percent  of  the  stock  was  owned  by  German 
nationals.  These  shares  were  seized  by  the  Alien  Property 
Custodian  which  held  them  during  the  remainder  of  the 
war.  On  March  27,  1946,  the  company  was  returned  to 
private  control.  The  seized  shares  were  bought  by  a  group 
of  investment  bankers  for  resale. 

The  American  Potash  &  Chemical  Corporation  pro- 
duces potassium  salts,  borax,  boric  acid,  sodium  carbon- 
ate, sodium  sulfate,  bromine,  lithium  carbonate,  and 
phosphoric  acid  in  two  relatively  independent  opera- 
tions. The  main  plant  process  treats  the  upper  brine, 
while  the  lower  brine  is  treated  separately  in  the  car- 
bonation  plant  process. 

In  the  main  plant  process  a  mixture  of  brine  from  the 
upper  crystal  body  and  recycled  mother  liquor,  called 
mother  liquor  number  2,  is  concentrated  in  triple  effect 
evaporators  equipped  with  external  heat  exchangers.  The 
liquor  flows  counter  to  the  flow  of  heat ;  that  is,  the  liquor 
enters  the  third  effect  pan  and  is  transferred  from  it  to 
the  second  effect  pan  and  then  to  the  first  effect  pan. 
During  the  evaporation  common  salt,  burkeite  (2NaoS04 
•Na2C03),and  dilithium  sodium  phosphate  (Li2NaP04) 
crystallize  abundantly  in  all  three  pans  and  are  continu- 
ously withdrawn.  These  salts,  after  being  washed  free 
of  entrained  liquor,  are  separated  into  a  coarse  fraction 
high  in  sodium  chloride  and  a  fine  fraction  containing 
most  of  the  burkeite  and  lithium  salt.  The  sodium  chlo- 
ride is  discarded  and  sent  back  to  the  lake  at  the  rate 
of  2,500  tons  per  day. 

The  burkeite-rich  fraction,  the  feed  for  the  soda  prod- 
ucts process,  is  mixed  with  carbonate-rich  end  liquors 
and  leached  of  free  sodium  carbonate  in  a  cold  saturator 
tank.  Additional  free  carbonate  is  obtained  by  treating 
the  burkeite  with  sodium  chloride  in  a  hot  saturator  tank. 
Both  saturator  tanks  discharge  into  60-foot  Dorr  thick- 
eners, the  overflow  from  which,  rich  in  free  carbonate, 
is  the  feed  for  the  sodium  carbonate  refinery.  Salt  is 
removed  by  chilling,  and  further  chilling  precipitates 
sal  soda  (Na2CO3-10Il2O)  which,  after  dehydrating  and 
additional  refining  steps,  is  sold  as  soda  ash. 

The  underflow  from  the  60-foot  Dorr  thickeners  is 
burkeite  and  entrained  dilithium  sodium  phosphate.  This 
mixture  is  dissolved  to  yield  a  burkeite  solution  contain- 
ing dilithium  sodium  phosphate  in  suspension.  Heat  lib- 
erated in  dissolving  the  burkeite  is  removed  in  a  cooling 
tower.  The  burkeite  solution  goes  to  the  lithium  flotation 
plant  where  the  lithium  salt  is  removed  for  processing 
as  described  in  the  section  on  lithium  in  this  bulletin. 
The  clarified  burkeite  solution  is  sent  to  the  sodium  recov- 
ery section  where  a  portion  of  the  sulfate  is  extracted 
as  glauber  salt  (Na2SO4-10H2O)  by  cooling  to  78°  F. 
and  converted  to  anhydrous  sodium  sulfate  by  treatment 
with  sodium  chloride.  Much  of  the  sodium  sulfate  re- 
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Figure  3.     Flow  sheet,  West  End  Chemical  Company. 


niaining  in  the  glauber  salt  filtrate  is  precipitated  by 
chilling  and  treatment  with  additional  sodium  chloride. 
The  crude  sodium  sulfate  is  refined ;  and  the  end  liquor, 
rich  in  sodium  carbonate,  is  returned  to  the  cold  satura- 
tor. 

The  feed  for  the  potash  and  borax  recovery  operations 
is  the  liquor  drawn  from  the  first  effect  pans  of  the 
main  evaporators,  nearly  saturated  with  potassium  chlo- 
ride and  at  about  250°  F.  Potassium  chloride  is  crystal- 
lized by  chilling  the  hot  liquor  to  100°  F.  in  three-stage 
vacuum  coolers.  In  order  to  keep  all  salts  except  potas- 
sium chloride  in  solution,  the  liquor  is  first  diluted.  The 
chilled  liquor  is  supersaturated  with  sodium  tetraborate 
pentahydrate  (NaaBiOT'SHaO),  but  because  the  chilling 
is  done  rapidly  with  a  minimum  of  agitation,  the  crude 
potassium  chloride  contains  but  a  small  amount  of  borate. 


The  crude  potassium  chloride  is  recovered  by  filtration; 
and  the  filtrate,  called  mother  liquor  number  one,  isi 
forwarded  to  the  borax  recovery  section. 

Much  of  the  crude  potassium  chloride,  after  washing 
and  drying,  is  sold  as  agricultural  potash.  A  portion  is 
treated  with  burkeite  to  produce  potassium  sulfate  for 
agricultural  use,  and  another  portion  is  refined  by  re- 
crystallization  for  chemical  use.  Bromine  is  recovered 
from  the  potassium  chloride  solution  with  Kubiersehky 
towers. 

In  the  borax  recovery  section,  Na2B407-5ri^O  is 
crj^stallized  from  the  mother  liquor  number  one  bj'  agi- 
tation and  the  use  of  seed  crystals.  The  end  liquor, 
called  mother  liquor  number  2,  is  returned  to  the  main 
evaporating  pans.  Some  of  the  crude  tetraborate  penta- 
hydrate, after  washing  and  drying,  is  sold;  but  mucli  of 
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it   is  refined  and  reerystallized  as   tetraborate   penta- 
liydrate  or  borax   (tetraborate  decahydrate).   Some  of 
tlie  refined  borax  is  treated  with  sulfuric  acid  to  form 
boric  acid,  and  some  is  fused  to  form  anhydrous  borax. 
In  the  carbonation  plant  (May,  F.  H.,  and  Leonardi, 
.M.  L.,  1949)  soda  ash  is  produced  from  the  lower  struc- 
ture brine  by  carbonation  with  boiler  flue  gas.  Carbona- 
tion is  carried  out  in  two  stages  and  in  towers  14  feet 
in  diameter  and  50  feet  tall.  Flue  gas  containing  12  to 
13  percent  carbon  dioxide  and  at  a  pressure  of  15  pounds 
per  square  inch  is  admitted  to  the  primary  towers  in 
which  the  brine  is  partially  carbonated.  The  temperature 
within  the  towers  is  controlled  by  regulating  the  tem- 
perature of  the  flue  gas  admitted.  Brine  from  the  base 
<if  the  primary  towers  is  admitted  to  the  tops  of  the 
I  secondary  towers  in  which  the  carbonation  is  completed 
!  with    rich,    recycled    carbon    dioxide    gas.    Precipitated 
I  sodium    bicarbonate    sludge    is    withdrawn,    thickened, 
1  washed,  and  dried.  Carbonation  also  releases  hydrogen 
I  sulfide  from  the  sulfide-rich  lower  structure  brine.  Cor- 
rosion resistant  materials  are  used  in  the  carbonation 
l)lant,  and  the  waste  gases  from  the  carbonating  towers 
must  be  treated  to  remove  poisonous  gases  before  they 
are  released  into  the  atmosphere. 

16—37833 


The  sodium  bicarbonate  is  calcined  in  a  revolving 
externally  heated  cylinder  8  feet  in  diameter  and  80 
feet  long.  A  heavy  chain  within  the  cylinder  and 
fastened  at  the  ends  drags  on  the  bottom.  The  charge  is 
stirred,  and  the  formation  of  scale  on  the  walls  is  pre- 
vented. The  calciner  gas,  consisting  of  carbon  dioxide 
and  water  vapor,  is  washed,  compressed,  and  delivered 
to  the  secondary  towers.  The  fully  decomposed  bicar- 
bonate or  soda  ash  is  withdrawn  through  a  gas-tight 
chute  and  bleached  with  previously  added  sodium  ni- 
trate in  a  rotary  drier. 

This  crude  soda  ash,  which  contains  2  to  3  percent  of 
sodium  sulfate,  sodium  chloride,  and  borax,  is  treated 
with  water.  The  soda  ash  is  converted  to  sodium  carbon- 
ate monohydrate  (Na2C03-H20),  and  the  impurities 
are  washed  out.  The  purified  monohvdrate  is  then  fully 
dehydrated  by  drying  at  300°  to  "^400°  F.  The  final 
product  is  a  dense  soda  a.sh  containing  more  than  99.6 
percent  NaoCOg. 

The  West  End  Chemical  Company  (Wiseman,  J.  V., 
and  Blackmun,  L.  A.,  1951)  produces  soda  ash,  borax, 
and  sodium  sulfate  from  a  mixture  of  the  upper  and 
lower  structure  brines  by  a  proce.ss  similar  to  that  used 
in  the  carbonation  plant  at  the  vVmerican  Potash  & 
Chemical  Corporation.  The  brine  is  carbonated  in  72 
wooden  towers,  each  75  feet  high  and  5  feet  in  diameter. 
A  portion  of  the  gas  used  for  carbonation  is  boiler  flue 
gas,  and  the  remainder  is  obtained  from  limestone  quar- 
ried north  of  Searles  Imke,  that  is  burned  in  vertical 
kilns  with  metallurgical  coke  obtained  in  Alabama.  The 
by-product  quicklime  is  hydrated  and  sold  as  chemical 
lime. 

After  the  sodium  bicarbonate  from  the  towers  is 
washed  and  dried,  it  is  calcined  in  an  externally  fired 
rotary  furnace.  The  carbon  dioxide  evolved  is  then  re- 
cycled. The  calciner  product  is  light-weight  soda  ash 
colored  brown  by  organic  matter  present  in  the  brine. 
The  light  ash  is  whitened  by  adding  a  small  amount  of 
sodium  nitrate  and  heating  to  a  temperature  close  to 
the  fusion  point.  The  product  is  dense  soda  ash  weighing 
about  55  pounds  per  cubic  foot.  At  this  point  the  soda 
ash  contains  about  IJ  percent  Na2B407  which  was  pre- 
cipitated with  the  bicarbonate  in  the  towers.  For  some 
consumers,  particularly  glass  manufacturers,  the  borax- 
bearing  soda  ash  is  desirable ;  but  for  other  uses  a  high 
purity  soda  ash  is  prepared  by  recrystallization  of  the 
monohydrate  followed  by  washing  and  calcining. 

After  the  bicarbonate  sludge,  has  been  withdrawn 
from  the  towers,  some  additional  bicarbonate  is  re- 
covered from  the  liquor  by  agitation  and  the  use  of  seed 
crystals. 

In  the  borax  recovery  operation  the  carbonate-free 
brine  is  mixed  with  raw  lake  brine  to  adjust  the  pH. 
By  means  of  ammonia  refrigeration  the  brine  is  cooled 
to  60°  F.  and  agitated  in  a  series  of  large  tanks.  Seed 
crystals  are  added,  and  crude  borax  precipitates  from 
the  solution.  Some  of  the  crude  borax  is  refined  by  re- 
crystallization,  and  the  remainder  is  converted  to  anhy- 
drous borax  by  partial  dehydration  followed  by  fusion. 
The  fused  borax  is  chilled  on  a  metal  drum ;  and  after 
it  has  cooled,  it  is  crushed  and  sized. 

Beginning  in  July  1955  the  West  End  Chemical  Com- 
pany has  been  producing  sodium  sulfate  from  the  efflu- 
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ent  from  the  borax  recovery  operation.  The  liquor  is 
further  chilled  to  45°  F.,  and  crystals  of  Na2SO4-10H2O 
form.  These  crystals  are  recovered  and  converted  to  an- 
hydrous sodium  sulfate  in  a  special  evaporator  (Chem. 
Eng.,  1955). 
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SALT 

By  William  E.  Ver  Planck 


Common  salt  (NaCl)  is  a  basic  material  for  human 
existence  as  well  as  for  the  chemical  industry.  The 
state's  1953  production  of  1,123,365  tons  was  valued  at 

,263,059.  The  California  salt  industry  is  centered  on 
the  southeast  shore  of  San  Francisco  Bay  where  the 
Leslie  Salt  Co.  obtains  salt  from  sea  water  in  one  of 
the  world's  largest  solar  evaporation  plants.  About  25 
percent  of  the  total  production  is  obtained  at  other 
points  on  the  California  coast  and  from  certain  dry 
lakes  in  the  California  desert. 

Oeologic  Occurrence.  Halite,  the  natural  sodium 
chloride,  most  commonly  crystallizes  as  cubes  or  in  gran- 
ular masses.  Halite  is  among  the  most  soluble  of  the 
common  minerals.  Salt,  because  of  its  great  solubility,  is 
present  in  almost  all  natural  water.  Sea  water  is  essen- 
tially a  3.5  percent  solution  of  several  salts  of  which  a 
little  more  than  77  percent  is  sodium  chloride.  The 
waters  of  some  undrained  desert  basins  are  high  in  salt, 
^  while  salt  springs  and  wells  are  to  be  found  in  regions 
aving  humid  climates  as  well  as  in  the  desert. 

Most  deposits  of  rock  salt  have  resulted  from  the 
evaporation  of  saline  water.  In  California  certain  dry 
lakes  contain  beds  of  halite  or  mixtures  of  halite  and 
other  saline  minerals.  Most  of  these  salt  beds  or  crystal 
bodies  are  in  contact  with  concentrated  mother  liquor 
with  which  they  are  in  chemical  equilibrium.  Dry  lakes 
ilso  contain  salt  in  the  form  of  efflorescent,  salty  crusts 
jr  of  halite  crystals  disseminated  in  mud.  Some  deposits 
)f  halite  that  are  interbedded  with  folded  and  faulted 
sediments  are  believed  to  be  older  dry  lake  deposits. 

Exposed  rock  salt  can  exist  only  under  arid  climatic 
jonditions,  but  under  favorable  circumstances  salt  de- 
josits  have  been  buried  and  protected  from  solution. 
The  world 's  largest  reserves  of  rock  salt  are  in  the  form 
)f  beds  associated  with  sedimentary  formations  of  nearly 
ill  geologic  ages.  Salt  beds  of  the  Salina  formation  of 
'Jew  York  and  Michigan,  the  Permian  beds  of  Texas 
ind  New  Mexico,  and  other  great  salt-bearing  forma- 
ions  are  as  much  as  several  hundred  feet  thick  over 
ireas  of  more  than  100  square  miles.  Other  large  salt 
ieposits  are  in  the  form  of  "domes"  which  exist  as 
)lug-shaped  masses  that  intrude  the  enclosing  sediments. 
^0  salt  domes  have  been  found  in  California. 

Salt  from  the  Solar  Evaporation  of  Sea  Water.  Solar 
ivaporation  is  the  only  method  used  for  producing  salt 
rom  sea  water  on  a  commercial  scale,  and  even  this 
aethod  is  feasible  at  only  a  few  localties.  Primarily 
here  must  be  sufficient  evaporation  and  enough  space 
vailable  to  produce  a  crop  of  salt  large  enough  to 
andle  economically.  Of  equal  importance  is  the  prox- 
mity  of  salt-consuming  industries. 

Suitable  land  is  of  limited  occurrence  and  highly 
alued.  "With  a  maximum  yield  in  the  San  Francisco 
Jay  area  of  40  tons  per  acre,  thousands  of  acres  must 
e  in  production.  Small  salt  works  of  less  than  200  acres 
re  in  operation  today,  but  to  obtain  the  maximum 
dvantage  from  mechanized  equipment,  a  single  salt 
;orks  should  contain  at  least  5,000  acres.  The  land 
tiould  be  flat  and  close  to  sea  level  and  it  should  be 
npervious  to  prevent  loss  of  brine.  Salt  marshes  most 


nearly  fulfill  these  requirements.  Today  the  salt  industry 
must  compete  for  marsh  land  with  expanding  industries 
and  communities.  It  is  becoming  increasingly  feasible  to 
reclaim  swamp  land  by  draining  and  filling,  and  along 
the  California  coast  large  areas  that  could  once  have 
been  used  for  salt  production  are  now  covered  with 
houses  or  industrial  plants.  The  solar  salt  industry  at 
Long  Beach  passed  out  of  existence  in  1946  when  the 
land  was  filled  in. 

Rainfall  and  relative  humidity  must  be  low  during  a 
substantial  part  of  the  year.  Net  evaporation  in  San 
Francisco  Bay  is  34  to  43  inches  per  year. 

The  south  end  of  San  Francisco  Bay  combines  the 
factors  essential  for  salt  production.  The  largest  pro- 
ducer is  the  Leslie  Salt  Co.  with  plant  headquarters 
in  Newark  and  nearly  30,000  acres  in  production  in 
Alameda,  Santa  Clara,  and  San  Mateo  Counties.  Four 
separate  crude  salt  plants  are  in  operation,  and  a  fifth 
plant  is  under  construction  on  the  north  shore  of  San 
Pablo  Bay.  Practically  all  grades  of  crude  and  refined 
salt  are  manufactured.  Other  much  smaller  sea  water 
plants  that  produce  crude  salt  only  are  operated  by  the 
American  Salt  Company  and  Oliver  Brothers  Salt  Com- 
pany at  Mount  Eden,  Alameda  County;  E.  C.  Vierra 
near  Moss  Landing,  Monterey  County ;  and  the  Western 
Salt  Company  at  Chula  Vista,  San  Diego  County,  and 
Newport  Bay,  Orange  County. 

The  process  of  obtaining  salt  from  sea  water  is 
essentially  fractional  crystallization.  Sea  water  passes 
through  a  series  of  outer  or  concentrating  ponds  in 
which,  by  the  action  of  sun  and  wind,  it  is  evaporated 
to  the  point  of  saturation  with  respect  to  sodium  chlo- 
ride; and  the  slightly  soluble  carbonates  and  gypsum 
are  precipitated.  The  saturated  brine  or  pickle  has  a 
specific  gravity  of  25.6°  Be.,  and  its  volume  has  been 
reduced  to  about  10  percent  of  the  volume  of  sea  water 
taken  in.  Pickle  is  transferred  to  a  separate  group  of 
ponds  called  crystallizing  ponds  where  continuing  evap- 
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Figure  1.     Chart  showing  the  production  of  salt  in 
California,  1860-1953. 
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oration  causes  salt  to  form.  In  order  to  avoid  the  pre- 
cipitation of  the  very  soluble  magnesium  salts  the 
crystallizing  ponds  are  drained  and  refilled  with  fresh 
pickle  when  the  specific  gravity  reaches  29°  to  30°  Be. 
The  larger  plants  sell  the  mother  liquor  or  bittern  to 
chemical  plants  for  the  recovery  of  magnesium  com- 
pounds, bromine  and  gj-psum. 

Concentrating  pond  systems  contain  about  10  ponds, 
each  up  to  100  acres  or  even  500  acres  in  size,  arranged 
in  series.  They  have  natural  bottoms  and  are  formed  by 
levees  built  of  mud  that  usually  follow  physical  features 
such  as  sloughs.  As  far  as  possible  concentrating  ponds 
ire  built  between  the  high  and  low  tide  marks  so  that 
they  can  be  filled  by  means  of  tidal  gates  and  to  mini- 
[nize  pumping  in  the  transfer  of  brine  between  ponds. 
Crystallizing  ponds  have  a  total  area  of  6  to  8  percent 
)f  the  crystallizing  ponds  and  are  provided  with  pumps 
md  ditches  for  rapid  filling  and  draining.  Individual 
ponds  range  from  10  acres  or  less  to  50  or  60  acres  in 
size.  To  facilitate  harvesting  they  are  rectangular  and 
lave  flat  bottoms. 
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FiGUBE  3.     Diagram  illustrating  the  progress  of  brine 
concentration. 

Sea  water  is  taken  in  from  April  or  May  through 
Detober  or  November,  and  about  a  year  is  required  for  it 
0  reach  the  crystallizing  ponds.  During  the  winter  when 
let  evaporation  is  negligible  the  plants  are  dormant. 
Pickle  is  available  for  the  crystallizing  ponds  the  follow- 
ng  spring  because  rain  water  lies  on  the  surface  of 
itrong  brine  and  does  not  mix  with  it  appreciably. 

Once  a  year  the  crystallizing  ponds  are  drained  and 
larvested  one  at  a  time.  On  San  Francisco  Bay  all  the 
)onds  are  harvested  in  the  fall,  and  they  are  not  re- 
illed  until  spring.  In  southern  California  a  small  force 
)f  men  harvests  salt  during  most  of  the  evaporating 
leason.  Ponds  are  refilled  as  soon  as  they  have  been  har- 
rested,  and  any  salt  that  subsequently  forms  is  left  in 
he  ponds  until  the  following  year.  All  the  California 
slants  use  mechanized  methods.  The  Leslie  Salt  Co. 
las  6  crawler  tread  mounted  harvesting  machines,  each 
vith  a  capacity  of  150  tons  of  salt  per  hour.  Salt  is 
)roken  free  with  picks  mounted  on  a  horizontal  revolv- 
ng  shaft  and  thrown  onto  a  short  drag  chain  conveyor 
hat  discharges  into  dump  cars  running  on  portable 
rack  laid  on  the  salt.  Some  75  miles  of  narrow  gauge 
rack  serve  the  four  Leslie  plants.  The  Western  Salt 
company  harvests  with  dragline  scrapers,  and  the  other 
Ilea  water  plants  use  still  other  methods.   Immediately 


Figure  4.  Photo  showing  crystallizing  ponds,  Western  Salt 
Company,  Chula  Vista,  San  Diego  County.  Seawater  passes  through 
a  series  of  concentrating  ponds  in  which  the  water  evaporates  and 
becomes  saturated  with  salt.  The  saturated  brine  or  pickle  is  then 
transferred  to  the  crystallizing  ponds  where  continuing  evaporation 
causes  the  crystallization  of  salt.  From  8  to  10  inches  of  salt  forms 
during  the  evaporating  season. 

after  harvesting,  the  salt  receives  one  or  more  washes 
with  strong  brine  and  a  final  wash  with  a  small  amount 
of  fresh  water.  The  salt  is  stored  in  the  open. 

Salt  from  Terrestrial  Brines.  Solar  evaporation  is 
applicable  to  many  terrestrial  brines,  although  differ- 
ences in  brine  composition  and  concentration  usually 
require  modification  of  the  methods  used  by  the  sea 
water  plants.  With  the  strong  brines  found  in  many 
places  in  the  desert,  the  concentrating  ponds  may  be 
reduced  or  eliminated;  and  if  sodium  chloride  forms  a 
high  proportion  of  the  dissolved  solids,  the  amount  of 
bittern  is  small.  Terrestrial  brines  to  which  solar  evapo- 
ration is  applicable  are  likely  to  be  higher  in  sulfate  and 
lower  in  magnesium  than  sea  water.  The  solubility  of 
sodium  sulfate  is  greatly  influenced  by  temperature;  and 
at  the  temperatures  that  occur  in  the  California  deserts 


FiGURf:  5.  Photo  showing  dragline  loading  cars  with  salt,  West- 
ern Salt  Company.  Once  a  year  the  crystallizing  ponds  are  drained. 
The  salt  is  excavated  with  a  dragline  and  loaded  into  cars  that  run 
on  temporary  track  laid  in  the  ponds. 
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Figure  6. 


Photo  showing  a  harvesting  machine  in  operation,  Leslie  Salt  Co.  Revolving  picks  mounted  on  the  machine  lift  the  salt  and 
throw  it  onto  a  short  drag  chain  conveyor  that  discharges  into  dump  cars.  Photo  courtesy  Leslie  Salt  Co. 


in  winter,  it  is  less  than  that  of  sodium  chloride.  Conse- 
quently, if  the  brine  contains  much  sodium  sulfate,  a 
solar  evaporation  plant  cannot  be  operated  in  winter. 

Salton  Sea  contains  sodium  chloride-sulfate  brine  of 
about  the  same  salinity  as  sea  water.  The  largest  of 
several  plants  there,  the  Imperial  Salt  Works  near 
Niland,  operated  from  1935  through  1946.  The  process 
used  was  almost  identical  with  that  of  the  sea  water 
plants  except  for  the  production  of  sodium  sulfate  bit- 
tern. In  addition,  small  tonnages  of  salt  have  been  pro- 
duced by  the  solar  evaporation  of  spring  and  well  brines 
in  Surprise  Valley,  Modoc  County  (1912-41),  near  Sui- 
sun,  Solano  County  (1907-19),  and  near  Sites,  Colusa 
County  (1895-1908). 

Salt  From  Dry  Lakes.  The  recovery  of  salt  is  most 
feasible  from  dry  lakes  containing  chloride  or  chloride- 
sulfate  brine.  Bristol  Lake,  Cadiz  Lake,  Danby  Lake, 
and  Dale  Lake  in  San  Bernardino  County  contain  brines 
of  this  type  in  which  the  sulfate  content  ranges  from 
zero  to  more  than  15  percent  of  the  dissolved  solids. 
Bristol  Lake  contains  in  its  central  part  a  series  of  salt 
and  clay  beds  at  least  1,000  feet  thick.  A  meager  amount 
of  saturated  sodium-calcium  chloride  brine  permeates 
the  upper  salt  beds,  but  sulfates  are  absent  except  along 
the  lake  margins.  For  many  years  the  California  Salt 
Company  and  its  predecessors  have  quarried  salt  from 
the  top  bed.  The  recovery  of  calcium  chloride  is  de- 
scribed in  another  section  of  this  bulletin.  Cadiz  Lake, 
the  least  known  of  the  four,  has  yielded  no  production. 
The  brine  is  of  the  sodium-calcium  chloride  type,  but 
with  a  lower  calcium  content  that  that  of  Bristol  Lake. 


Both  gypsum  and  salt  beds  have  been  reported  at  this 
locality. 

Danby  Lake  contains  large  near-surface  beds  of  salt, 
much  of  which  is  porous  and  permeated  with  concen- 
trated sodium  chloride  brine  with  a  minor  sulfate 
content.  The  Danby  Lake  brine  does  not  yield  calcium 
chloride  when  it  is  evaporated.  Although  the  salt 
beds  contain  only  minor  amounts  of  sulfate,  the  clay 
contains  disseminated  crystals  of  gypsum,  mirabilite 
(Na2S04 '101120),  and  halite.  Salt  has  been  quarried  by 
the  Crystal  Salt  Company  in  the  late  19th  century  and 
by  J.  W.  Reeder  from  1934  to  1942.  More  recently  the 
Metropolitan  Water  District  of  Southern  California  ex- 
plored the  lake  with  bore  holes  and  conducted  solar 
evaporation  tests  on  the  brine.  In  Dale  Lake  the  propor- 
tion of  sulfate  to  chloride  is  substantial,  and  up  to  the 
end  of  1948  both  salt  and  sodium  sulfate  were  produced. 
The  dormant  Dale  Lake  operation  is  described  in  the 
section  on  sodium  sulfate  in  this  bulletin. 

Several  other  desert  basins  in  California  contain  salt 
deposits  and  chloride-sulfate  brines.  Koehn  Lake,  near 
Saltdale,  Kern  County,  yields  salt  although  neither  salt 
beds  nor  subsurface  brine  are  known.  Production  is  from 
surface  brine  formed  by  rain  water  that  collects  in  the 
lake  and  dissolves  the  efflorescent,  saline  crust.  The  brine 
is  allowed  to  approach  saturation  before  it  is  run  into 
solar  evaporation  ponds.  The  amount  of  bittern  is  small. 

In  Death  Valley  the  floor  for  an  area  of  45  miles  long 
and  as  much  as  4  miles  wide  is  covered  with  a  salt  crust 
as  much  as  5  feet  thick.  A  few  widely  scattered  bore 
holes  have  penetrated  salt  and  clay  beds  to  a  depth 
of  at  least  600  feet  and  have  encountered  saturated 
sodium  chloride-sulfate  brines.  Some  of  the  deep  salt 
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Wosher  includes  two  double  spiral  classifiers, 
two  double  log  woshers  ond  (wo  dump  pifs. 

Figure  7.     Flowsheet  of  the  washer,  Newark  No.  2  crude  salt 
plant,   Leslie   Salt   Co. 

beds  are  as  much  as  15  feet  thick.  Salt  was  produced 
from  the  crust  near  Badwater  in  1942. 

Saline  Valley,  Inyo  County,  contains  a  crust  like  that 
in  Death  Valley,  but  much  smaller  in  area.  From  1911 
to  1930  salt  was  obtained  by  scraping  the  crust  and  also 
by  evaporating  brine  made  by  dissolving  the  crust  in 
fresh  water,  and  in  1954  the  Saline  Valley  Development 
Company  harvested  and  stockpiled  about  2,000  tons  of 
salt. 

At  Searles  Lake  the  Pacific  Salt  and  Chemical  Com- 
pany produces  salt  from  fee  holdings  of  the  American 
Potash  &  Chemical  Corporation.  Although  the  crystal 
body  of  Searles  Lake  is  composed  largely  of  complex 
borates,  carbonates,  and  sulfates,  the  upper  10  to  15  feet 
is  sodium  chloride  of  high  purity.  Stripping  is  not 
necessary,  and  salt  scraped  from  the  surface  is  shipped 
without  treatment.  Owens  Lake,  Mono  Lake,  and  Borax 
Lake  are  unfavorable  sources  of  salt.  Not  only  does 
salt  form  a  lower  proportion  of  the  salines  than  it 
does  in  the  chloride  lakes,  but  the  brines  yield  trona 
(Na2C03-NaHC03-2H20)  rather  than  salt  upon  evapo- 
ration. 

Avawatz  Mountains  Deposits.  The  only  known  Ter- 
tiary deposits  of  salt  in  California  are  those  in  the  north- 


ern foothills  of  the  Avawatz  Mountains,  San  Bernardino 
County.  Salt,  gypsum,  and  celestite  occur  in  Pliocene  ( ? ) 
lake  beds  in  the  Death  Valley  fault  zone  near  its  junction 
with  the  Garlock  fault  zone.  The  structure  is  complex, 
and  the  stratigraphic  succession  has  not  been  positively 
determined.  Two  nearly  parallel  strips  of  lake  beds 
bounded  by  brecciated  pre-Tertiary  rocks  extend  north- 
westward along  the  mountain  front  for  about  9  miles. 
The  lake  beds  consist  of  a  salt-bearing  unit,  a  gypsum- 
bearing  unit,  and  saline-free  units  that  enclose  the  salt 
and  gypsum  beds.  The  salt-bearing  unit  consists  of  100 
to  600  feet  of  reddish  brown  clay  and  a  varying  thick- 
ness of  massive,  coarsely  crystalline  rock  salt.  In  most 
places  the  salt  is  concealed  by  residual  clay.  Salt  deposits 
in  the  Boston- Valley  claims  were  explored  by  Basic 
Magnesium  Incorporated  during  1941  and  1942  with 
diamond  drilling  and  some  shaft  and  tunnel  work.  An 
area  of  less  than  2  acres  in  the  southern  strip  of  lake 
beds  between  Denning  Spring  Wash  and  Cave  Spring 
Wash  was  found  to  contain  1,300,000  tons  of  salt  over 
92  percent  pure.  Other  salt  deposits  in  the  vicinity,  in- 
cluding the  one  in  Salt  Basin,  have  not  been  explored 
but  probably  contain  large  tonnages. 

Uses  and  Marketing.  Common  salt  is  of  economic 
value  principally  because  (1)  as  an  industrial  chemical, 
it  is  the  raw  material  from  which  most  sodium  and 
chlorine  compounds  are  made;  (2)  it  is  an  essential  in- 
gredient in  the  diets  of  men  and  animals ;  (3)  as  an  anti- 
septic, it  is  used  in  the  preservation  of  food,  especially 
meat  and  fish,  and  in  the  preparation  of  hides  for  tan- 
ning; and  (4)  the  saturated  solution  has  a  relatively  low 
freezing  point  (^°  F.). 

As  an  industrial  chemical,  salt  is  the  source  of  most 
of  the  chlorine  and  much  of  the  caustic  soda  produced 
in  the  United  States.  These  commodities  are  manufac- 
tured by  the  electrolysis  of  a  sodium  chloride  solution. 
The  electrolysis  of  fused  sodium  chloride  yields  sodium 
metal  and  chlorine.  In  addition,  salt  is  used  in  the  manu- 
facture of  soap  and  plays  a  part  in  the  softening  of  water 
by  the  zeolite  process.  The  ammonia-soda  process  for  the 
manufacture  of  soda  ash  consumes  more  than  half  of  all 
the  salt  used  in  the  United  States ;  but  on  the  West  Coast, 
soda  ash  is  produced  from  natural  sources. 


10   FEET 


SticKy  green  clay 


HORIZONTAL    SCALE 


FiGUBE  8.     Geologic  section  through  the  northwest  portion  of  Danby  Lake,  San  Bernardino  County. 
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Figure  9.  Drilling  salt  at  Bristol  Lake,  California  Salt  Com- 
pany. Bristol  Lake  contains  a  salt  bed  5  feet  thick  beneath  a  shal- 
low overburden  of  clay.  The  drill  stands  on  salt  exposed  in  a  long 
pit  formed  by  removing  the  overburden  with  a  dragline.  Holes  are 
drilled  with  a  gasoline-powered  auger  and  blasted  with  30  percent 
dynamite. 

Because  of  the  low  freezing  point  of  its  solution,  much 
salt  is  consumed  in  the  salt-ice  mixture  that  is  used  for 
the  cooling  of  railroad  refrigerator  ears.  Salt  is  also  used 
for  ice  control,  especially  around  railroad  switches  and 
crossings.  A  salt  solution  is  used  as  the  cooling  medium 
by  many  ice  plants. 

Three  general  types  of  salt  are  marketed  in  California : 
crude  salt,  kiln  dried  or  semi-refined,  and  vacuum  refined 
salt.  Crude  salt  produced  from  sea  water  contains  99.4 
percent  NaCl,  but  some  desert  salt  is  of  lower  grade. 
Kiln  dried  salt  is  a  sterile,  moisture-free  product  pre- 
pared by  heating  crude  salt  to  a  temperature  of  about 
365°  F.  in  a  rotary  kiln.  It  contains  about  99.8  percent 
NaCl.  The  salt  dust  produced  in  the  processing  of  kiln 
dried  salt  is  collected  and  made  into  blocks  with  hydrau- 
lic presses.  Vacuum  refined  salt,  the  purest  type  com- 
mercially available,  contains  over  99.95  percent  NaCl.  It 
is  prepared  from  chemically  treated  brine  made  by  dis- 
solving crude  salt  in  fresh  water.  The  treated  brine  is 
evaporated  by  boiling  with  .steam  in  closed,  partially 
evacuated  vessels  called  pans;  and  the  salt  that  crystal- 
lizes is  continuously  removed  for  drying  and  sizing.  Ap- 
proximately 20  percent  of  the  California  production  is 
kiln  dried  salt,  salt  blocks,  and  vacuum  refined  salt.  With 
the  exception  of  a  comparatively  small  output  of  kiln 


dried  salt  at  Saltdale,  Kern  County,  these  types  are  pro- 
duced in  the  San  Francisco  Bay  area  only.  Roughly  half 
of  the  salt  produced  in  California  is  shipped  to  destina- 
tions outside  of  the  state. 

Crude  salt  sold  in  bulk  to  the  chlorine-caustic  industry 
accounts  for  between  45  and  50  percent  of  the  California 
salt  production.  Salt  from  San  Francisco  Bay  is  sent  by 
sea  to  three  plants  in  the  Pacific  Northwest  and  by  rail 
to  a  fourth  plant  in  Contra  Costa  County.  A  fifth  plant, 
in  southern  Nevada,  obtains  salt  from  the  Bristol  Lake 
deposit,  San  Bernardino  County.  The  remainder  of  the 
California  salt  output  is  used  for  a  host  of  purposes. 
Zeolite  water  softening,  refrigeration,  and  food  process- 
ing each  consume  between  10  and  15  percent  of  the  total  ; 
livestock  feeding  requires  nearly  7  percent ;  and  a  minor 
proportion  is  used  for  purposes  such  as  the  manufacture 
of  soap,  synthetic  rubber,  and  in  the  preparation  of  hides 
and  leather.  Domestic  uses,  including  table  salt,  require 
less  than  3  percent  of  the  total.  Vacuum  salt  is  used  for 
table  salt  and  in  the  preparation  of  food.  Kiln  dried  salt 
and  salt  blocks  are  used  for  stock  feeding,  and  kiln  dried 
salt  also  is  used  for  industrial  purposes.  Because  of  its 
low  moisture  content  and  freedom  from  caking,  many 
consumers  prefer  it  to  crude  salt. 

With  few  exceptions,  salt  is  sold  on  the  Pacific  coast 
on  f.o.b.  producer's  plant  basis.  Typical  carload  prices 
f.o.b.  plants  in  the  San  Francisco  area  in  1954  were  as 
follows : 

Undried,  stack  run  or  half  ground 

Bulk $6.40  per  ton 

100  pound  paper  bag 13.40  per  ton 

125  pound  burlap  bag 14.60  per  ton 

Kiln  dried,  mill  run,  coarse,  extra  coarse 

Bulk  (mill  run  not  available  in  bulk) 9.20  per  ton 

100  pound  paper  bag 16.20  per  ton 

Vacuum  table 

Bulk 16.00  per  ton 

100  pound  paper  bag 23.00  per  ton 

The  price  at  plants  close  to  Los  Angeles  is  higher  than 
the  published  prices  in  the  San  Francisco  area,  but  for 
the  more  remote  desert  plants  it  is  considerably  less. 

Freight  rates  amount  to  a  substantial  portion  of  the 
f.o.b.  plant  price.  The  following  rail  freight  rates  were 
in  effect  in  1954 : 

Destination  (rate  per  ton  inc.  3  percent 
federal  transportation  tax) 

San  Los  Las 

Origin                          Francisco  Angeles  Seattle  Portland  Veg.is 

Newark $1.42  $7.83  $8.86  $7.42  $12.1.-) 

San  Diego 2.76          

Saltus 

(Bristol  Lake)___  6.80  4.33  12.57  11.12  4.15 
Trona 

(Searles  Lake)___  10.64  4.26  16.83  15.38            

Salt  Lake  Gity,  Utah_  10.51  9.89  14.83  14.42  9.89 

Salt  produced  in  southern  California  is  marketed  in 
the  Los  Angeles  area  for  purposes  such  as  water  soften- 
ing, refrigeration,  and  stock  feeding.  Very  little  of  it  is 
sold  north  of  Los  Angeles. 

Another  method  of  marketing  salt  is  the  long  term 
contract  between  the  producer  and  a  large  scale  consumer 
such  as  a  chlorine-caustic  manufacturer.  Only  a  handful 
of  such  contracts  are  outstanding  in  California,  but  they 
account  for  a  substantial  portion  of  the  total  salt  pro- 
duction. The  terms  of  these  contracts  are  seldom  re- 
vealed. Large  consumers,  particularly  the  chlorine-cans- 
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Figure  10.  Photo  showing  Saltdale  plant  of  Long  Beach  Salt 
Company,  Kern  County.  Salt  produced  by  the  solar  exaporation  of 
the  surface  brine  of  Kochn  Lake  is  brought  to  the  plant  in  narrow- 
gage  cars  where  it  is  crushed  and  screened.  Some  is  sold  as  crude 
salt  and  some  is  made  into  semi-refined  salt  in  a  kiln  drier. 

tic  industry,  must  have  a  dependable  supply  of  low  cost 
salt.  The  San  Francisco  Bay  salt  industry  and  the  Pacific 
Coast  chlorine-caustic  industry  are  mutually  interde- 
pendent, and  neither  could  have  achieved  its  present 
status  without  the  other.  Salt  from  inland  deposits  can- 
not be  brought  to  San  Francisco  or  placed  on  ships  for 
transport  to  Oregon  and  Washington  at  prices  that  these 
industrial  consumers  could  pay  and  remain  in  business. 

History  of  Production.  The  earliest  white  settlers  in 
the  San  Francisco  Bay  region  obtained  salt  from  natural 
deposits  that  formed  in  tide  pools  on  the  marshes  along 
the  Alameda  County  shore.  The  salt  industry  of  Califor- 
nia may  be  said  to  have  started  in  1856  when  a  small 
quantity  of  this  salt  was  placed  on  the  market.  The  nat- 
ural salt  was  of  poor  quality,  and  its  harvest  was  un- 
certain. It  was  a  simple  step  to  increase  the  yield  by 
building  levees  to  enlarge  the  natural  tide  pools.  Perhaps 
the  discovery  of  the  Comstock  Lode,  Washoe  County, 
Nevada,  was  the  greatest  single  stimulus  to  the  California 
salt  industry.  Salt  was  one  of  the  chemicals  used  in  the 
Washoe  process  for  treating  silver  ores,  and  until  1862 
all  the  salt  used  was  shipped  from  Sari  Francisco  to 
Virginia  City  where  it  sold  for  $150  a  ton.  With  the 
discovery  of  salt  deposits  in  Nevada,  shipments  from 
San  Francisco  declined,  but  metallurgy  remained  an 
important  market  for  salt  throughout  the  19th  century. 

The  first  attempt  to  improve  the  quality  of  the  natural 
salt  was  made  in  1862  by  John  Quigley  who  built  a  plant 
near  Alvarado.  Plummer  Brothers'  Crystal  Salt  Works 
was  built  in  1864  near  Newark,  and  the  American  Salt 
Company,  which  is  still  in  operation,  was  founded  in 
1865.  By  1868  seventeen  plants  were  in  operation  in 
Alameda  County.  These  pioneer  salt  producers  soon 
developed  the  salt-making  technique  that  is  used  in  prin- 
ciple today.  The  quality  of  the  salt  produced  improved, 
and  by  1880  imports  of  crude  salt  declined. 

Throughout  the  19th  century  the  plants,  with  few 
exceptions,  were  small  family  enterprises,  some  of  which 
comprised  as  little  as  20  acres  operated  by  a  single  man. 
Even  as  late  as  1900,  when  the  salt  production  of  Ala- 
meda County  had  nearly  reached  100,000  tons  a  year. 


only  four  plants  reported  outputs  of  10,000  tons  or  more. 

The  largest  of  the  19th  century  plants  was  that  of  the 
Union  Pacific  Salt  Company.  In  1882  it  occupied  1200 
acres  of  marsh  land  and  employed  80  men.  It  contained 
5  concentrating  ponds  and  a  large  number  of  crystalliz- 
ing ponds  6  to  8  acres  in  size,  many  of  which  were  floored 
with  boards.  In  harvesting,  the  salt  was  first  shoveled 
into  small  piles  and  then  placed  in  stacks  on  dry  ground 
where  it  remained  through  one  rainy  season.  Table  salt 
was  evaporated  in  elevated  wooden  pans. 

Eighteen  producers  reported  production  in  1900.  Cor- 
rosion and  maintenance  of  the  small  plants  that  were 
constructed  of  inferior  materials  contributed  to  high 
operating  costs,  while  lack  of  capital  and  volume  of 
business  discouraged  investment  in  modern  equipment. 
Most  of  these  small  plants  adjoined  one  another  so 
that  a  combining  of  their  operations  was  practical.  The 
series  of  events  that  eventually  led  to  the  consolidation 
of  nearly  all  the  Bay  area's  salt-producing  capacity  in 
the  hands  of  one  organization  began  with  the  founding 
of  three  new  salt  producers.  They  were  the  California 
Salt  Company,  formed  in  1901 ;  the  Continental  Salt  and 
Chemical  Company,  organized  in  1900;  and  the  Leslie 
Salt  Refining  Company,  established  in  1901. 

The  California  Salt  Company  built  a  new  plant  near 
Alvarado  on  land  where  salt  had  never  been  produced 
before,  and  it  also  acquired  existing  plants  in  the  Alvar- 


FiGURE  11.     Geologic  map  of  a  portion  of  the  Boston-Valley 
claims,  Avawatz  Mountains,  San  Bernardino  County. 
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FiGURE  13.     Chart  illustrating  the  consolidation  of  the  San  Francisco  Bay  salt  industry. 


do  area  and  near  Hayward  Landing.  The  Continental 
5alt  and  Chemical  Company  built  a  plant  near  Alvarado 
;hat  included  existing  plants  as  well  as  new  land.  The 
jeslie  Salt  Refining  Company  operation  was  near  San 
Hateo.  Salt  was  first  produced  in  San  Mateo  County  in 
900,  and  only  three  or  four  companies  have  operated 
here. 

The  California  Salt  Company,  the  Continental  Salt 
.nd  Chemical  Company,  and  the  Leslie  Salt  Refining 
'ompany  merged  to  form  the  Leslie-California  Salt 
'ompany  on  May  29,  1924.  As  part  of  a  continuing 
irogram  of  increasing  efficiency  by  modernization  and 
xpansion,  two  contiguous  salt  plants  were  acquired  in 
927.  One  of  these  was  the  Oliver  Salt  Company, 
ounded  in  1872  and  one  of  the  largest  of  the  19th 
entury  salt  producers.  The  Leslie-California  Salt  Com- 
pany was  now  able  to  consolidate  its  scattered  opera- 
ions.  The  isolated  San  Mateo  and  Hayward  Landing 
ilants  were  closed ;  and  the  units  around  Alvarado  were 
ombined  into  two  plants,  the  Baumberg  plant  north  of 
!oyote  Hills  Slough,  and  the  Alvarado  plant  south  of  it. 
'hese  two  plants  included  the  greater  part  of  the  land 
ccupied  by  the  19th  century  plants. 


While  these  events  were  taking  place,  A.  Schilling 
and  Company  organized  the  Arden  Salt  Company  which 
produced  its  first  crop  of  salt  in  1919.  The  first  compara- 
tively small  plant  was  at  Dumbarton  Point  west  of 
Newark.  The  Arden  Salt  Company  grew  rapidly.  The 
first  plant  was  expanded  about  1923,  and  a  second  plant 
south  of  Newark  was  brought  into  production  in  1928. 
Late  in  1927  the  Union  Pacific  Salt  Company  was  pur- 
chased, but  the  Arden  Salt  Company  did  not  operate  it 
after  1929.  The  Alviso  Salt  Company,  which  owned  a 
large  area  in  Santa  Clara  County,  was  purchased  in 
1931.  By  1935  the  Arden  Salt  Company's  output  ap- 
proximated the  combined  production  of  all  the  other 
salt  companies  in  California. 

On  November  2,  1936,  the  Leslie  Salt  Co.  was  incor- 
porated and  took  over  the  assets  of  the  Leslie-California 
Salt  Company  and  the  Arden  Salt  Company.  All  the 
early  producers  have  gone  out  of  business  or  have  been 
absorbed  with  the  exception  of  the  American  Salt  Com- 
pany. A  third  producer,  Oliver  Brothers  Salt  Company, 
was  founded  in  1937  by  younger  members  of  the  family 
that  had  owned  the  old  Oliver  Salt  Company. 
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Figure  15.     Chart  showing  the  making  of  salt  from  sea  water. 
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Concurrent  with  this  consolidation  has  been  a  steady 
evolution  in  salt-making  technique.  Windmill-driven 
pumps  have  been  displaced  by  gasoline  and  electric 
pumps  only  within  the  past  25  years.  The  revolving  pick 
loading  machine  was  developed  in  1919  by  the  Conti- 
nental Salt  and  Chemical  Company  and  perfected  by 
the  Arden  Salt  Company  in  the  1930s.  Gasoline  loco- 
motives for  hauling  salt  cars  were  introduced  before 
World  War  I.  The  Oliver  Salt  Company  initiated  the 
washing  of  salt  in  the  1890s,  and  by  1914  washing  was 
practiced  at  all  the  larger  plants.  Vacuum  refining  was 
introduced  in  1910. 

The  salt  deposits  of  the  desert  region  were  known  at 
an  early  date  but  were  little  used.  The  Saline  Valley 
deposit  was  discovered  in  1864.  In  the  late  1880s  some 
salt  for  the  silver  mines  at  Calico  was  mined  at  Danby 
Lake  and  hauled  25  miles  to  the  railroad  at  Danby  in 
wagons  drawn  by  steam  traction  engines.  Operations  at 
Bristol  Lake  can  be  traced  back  to  the  Crystal  Salt 
Company  which  reported  a  small  production  of  salt  in 
1909.  Salt  mining  at  Salton  Sea  began  in  1884  and  con- 
tinued until  the  flood  of  1905  and  1906.  The  salt  crust, 
10  to  20  inches  thick,  was  gathered  into  piles  with  plows. 
Salt  was  first  produced  by  evaporating  the  water  of 
Salton  Sea  about  1929. 
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SAND  AND  GRAVEL 

(See  also  Specialty  Sands) 
By  Thomas  E.  Gay,  Jk. 


In  1953,  the  most  recent  year  for  which  statistics  are 
available,  California  yielded  58,429,528  short  tons  of 
sand  and  gravel  valued  at  $53,224,203  and  was  the  lead- 
ing state  in  the  production  of  thase  materials  (Otis  and 
Shupp  1956,  p.  3).  California's  output  in  1953  was 
about  14^  percent  of  the  national  total,  and  nearly 
twice  that  of  any  other  state. 

A  marked  increase  in  this  output  has  occurred  since 
World  War  II  and  is  mainly  attributable  to  increased 
industrial  and  building  activity  including  large  highway 
and  water  control  projects.  Approximately  nine-tenths 
of  the  state's  sand  and  gravel  output  is  used  as  aggre- 
gate, in  construction  and  road  building.  The  remainder 
is  mostly  special  sand,  such  as  that  used  in  glass  manu- 

Ifaeture  and  foundry  molds  (see  section  on  special  sand 
in  this  volume).  Most  sand  and  gravel  aggregate  is  used 
in  Portland  cement  and  macadam.  Crushed  stone  is  pre- 
ferred to  sand  and  gravel  for  use  with  bituminous  binder 
so  is  used  predominantly  for  that  purpose.  Oversize 
cobbles  from  sand  and  gravel  deposits  are  crushed,  and 
used  mainly  for  bituminous-bound  aggregate.  Crushed 
stone  from  sand  and  gravel  operations  and  from  bedrock 
quarries  is  discussed  in  the  section  on  crushed  and 
broken  stone. 

TERMINOLOGY  AND  GENERAL  CHARACTERISTICS 

In  commercial  usage,  the  term  "sand"  applies  to  rock 
or  mineral  fragments  of  natural  origin,  that  range  in 
diameter  from  200-mesh  *  to  a  quarter  of  an  inch.  The 
term  "gravel"  refers  to  naturally  fragmented,  com- 
monly somewhat  rounded,  rock  or  mineral  fragments 
that  range  in  diameter  from  a  quarter  of  an  inch  to  3-^ 
inches.  Silt  and  clay  consist  of  grains  smaller  than  200 
mesh.  Fragments  larger  than  3^  inches  in  diameter  are 
called  cobbles  and  boulders. 


Mesh  number  and  corresponding  size  of  sieve  opening,  in  millimeters 
and  inches,  for  some  commonly  used  sieve  sizes.* 

Mesh** 

Opening 

Mm. 

.     Inches 

5---   - 

4.00 

2.00 

1.41 

1.00 

0.59 

0.42 

0.250 

0.149 

0.125 

0.074 

0.062 

0.044 

10- 

0  079 

14..   .   .   . 

18 

30 

40 

0.039 
0.023 

60... 

oo : 

20..- 

0  005 

00 

30.-- 

0  0026 

25 
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•  Number  of  square  openings 

Particles  of  sane 
.vhereas  gravel  anc 

irg  Materials  specs.  E  11-39,  in  A.S.T.M.  Standards,  vol. 
per  linear  Inch  of  screen  not  counting  thiclmess  of  wires. 

1  generally  consist  of  single  minerals, 
i  larger  sized  particles  commonly  con- 
presses  the  coarseness  or  fineness  of  screens 
Dpenings  per  linear  inch  :  e.g.  a  linear  inch  of 
contains   200   openings,    each   about   .003    in. 

( 

The  term  "mesh"  ex 
as  the  number  of 
a   200-mesh   screen 
wide. 

sist  of  rock  comprised  of  several  minerals.  Most  sand 
deposits  of  commercial  importance  are  composed  of 
quartz  and  feldspar  grains,  and  contain  minor  percent- 
ages of  ferromagnesian  minerals  and  clay  particles. 
Sand  that  contains  a  maximum  of  quartz  grains  and  a 
minimum  of  clay  and  ferromagnesian  minerals  is  pre- 
ferred for  most  purposes.  Quartz-rich  sands,  commonly 
known  as  silica  sands,  are  desired  because  quartz  is  hard, 
has  a  high  melting  temperature,  is  chemically  inert,  has 
a  high  resistance  to  physical  wear,  and  has  a  white  color. 
The  usefulness  of  gravel  is  determined  largely  by  the 
characteristics  of  its  contained  rock  types,  especially 
hardness,  and  resistance  to  chemical  attack  and  physical 
wear.  The  value  of  a  sand  and  gravel  deposit  for  a  par- 
ticular use  must  be  determined  in  the  light  of  such 
specific  factors  as  tonnage  available,  accessibility  and 
distance  to  market,  expense  of  removal  of  overburden  as 
well  as  the  physical  characteristics  of  the  material. 

Size  grades  of  clastic  fragments,  in  millimeters  and  inches.* 


Grade  limit  (diameter) 

Name  of  size  grade 

Mm. 

Inches 

*More  than  266  ... 
*256-64     .   . 

More  than  10 
10-2J^ 

2H-0.16 

.16-   .08 

.08-  .04 

.04-   .02 

.02-   .01 

.01-  .0049 
.0049-  .0025 
.0025-  .0002 
Less  than  .0002 

Boulder 

Cobble 

Pebble 

Granule 

Gravel 

Course  sand 

Medium  sand 

Fine  sand 

Very  fine  r^and 

Silt 

Clay 

commercial  "gravel" 

*64-4      .    .. 

(0.25.2J^in.) 

*4-2 

2-1    ... 

1-.5 

.,5-. 25 

.25-. 125 

.125-. 062 

.062-. 004 

Less  than  .004 

commercial  "sand" 
*  (0.25  in.-0.74  mm.) 

*  Classification  according  to  Wentworth,  after  Krumbein  and  Pettijohn  1938.  table  6,  p.  80. 

For  ordinary  sand  and  gravel,  such  as  that  used  for 
aggregate,  or  fill,  the  closest  deposits  are  sought ;  in  con- 
trast, some  of  the  pure  quartz  sand  required  for  specialty 
uses  such  as  glass  manufacture  is  transported  for  hun- 
dreds or  even  thousands  of  miles.  The  high  cost  of  trans- 
porting silica  sands  to  some  areas  has  permitted  the  bene- 
ficiation  of  material  from  deposits  of  lower  grade  that 
occur  closer  to  the  market. 

GEOLOGICAL  OCCURRENCE   IN   CALIFORNIA 

In  California,  sand  and  gravel  is  obtained  principally 
from  Quaternary  alluvial  deposits  in  stream  channels, 
flood  plains,  terraces,  and  alluvial  fans.  Smaller  though 
significant  quantities  are  obtained  from  Recent  beach 
and  dune  sands,  and  from  older  sedimentary  beds.  Some 
deposits  consist  almost  entirely  either  of  sand  or  of 
gravel,  but  ordinarily  the  two  occur  mixed  in  the  same 
deposits.  The  deposits  in  California  show  a  wide  range 
in  size,  depth  of  overburden  and  depth  of  water  table, 
as  well  as  in  the  physical  and  chemical  characteristics 
of  the  material. 

Crushed  stone  from  quarries  in  bedrock  or  "ledge 
rock"  is  used  for  many  of  the  same  purposes  as  sand 
and  gravel.  Crushed  ledge  rock  is  practically  indistin- 
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Figure  1.     Amount  (short  tons),  and  dollar  value  of  sand  and  gravel  produced  in  California  and  the  United  States,  1920-52.  Ajter  Turm 

1950,  fig.  1,  p.  256;  V.  S.  Bur.  Mines  Minerals  Yearbook  and  Market  Repts. 


guishable  from  crushed  stone  obtained  by  crushing  cob- 
bles and  boulders  from  sand  and  gravel  deposits.  Crushed 
stone,  whether  produced  from  bedrock  or  from  alluvial 
rock,  is  discussed  mainly  in  the  section  on  crushed  and 
broken  stone,  in  this  volume. 

Stream  Deposits.  In  California,  most  stream  deposits 
are  poorly  sorted,  crudely  stratified  mixtures  of  sand 
and  gravel  with  subordinate  proportions  of  coarser  or 
finer-grained  material.  Particle  sizes  range  widely  within 
the  size  limits  of  sand  or  gravel ;  the  mineral  grains  and 
rock  fragments  commonly  are  sub-angular  and  occa- 
sionally well-rounded.  Stream  channel  deposits  in  some 
areas  are  replenished  by  the  addition  of  alluvium  dur- 
ing the  rainy  season,  so  that  the  decrease  in  reserves  is 
slight.  In  other  areas,  where  urbanization  has  restricted 
the  land  open  to  sand  and  gravel  development,  the 
reserve  problems  are  serious.  In  thick  stream  deposits 


the  deeper  material  is  commonly  less  desirable  than  that 
near  the  surface,  because  it  is  older  and  more  decom- 
posed by  weathering. 

Usable  stream-laid  sand  and  gravel  deposits  underlie 
large  areas  of  the  state  and  constitute  a  virtually  inex- 
haustible reserve.  Under  present  economic  conditions, 
however,  only  the  deposits  nearest  to  centers  of  con- 
sumption and  most  economical  to  operate  are  of  com 
mereial  value. 


i 


Beach  and  Dune  Deposits.  Although  beach  sand  and 
near-shore  dune  sand  deposits  yield  only  about  2  per 
cent  of  the  total  sand  and  gravel  output  in  California, 
they  provide  most  of  the  special  sands  produced  in  the 
state.  Beach  and  dune  deposits  consist  mostly  of  sand 
and  commonly  are  much  more  uniform  in  composition  tj 
and  are  better  sorted  than  stream  deposits.  Gravel  and 
clay  ordinarily  are  sparse  or  absent. 
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Beach  and  dune  sands  derived  from  granitic  rocks 
and  notably  rich  in  quartz  occur  at  several  places  along 
the  California  coast  south  of  San  Francisco.  Much  of  the 
beach  and  dune  sand  along  the  northern  California 
coast  is  derived  largely  from  basic  igneous  rocks  and 
from  sedimentary  rocks  rich  in  ferromagnesian  minerals, 
hence  contains  abundant  dark  particles  and  is  less  de- 
sirable for  most  purposes  than  quartz-rich  sand. 

Certain  beach  deposits,  in  both  northern  and  southern 
California,  are  rich  in  the  heavy  minerals  magnetite 
(FeaO*),  ilmenite  (FeTiOg),  and  chromite  (FeCr204) 
and  are  discussed  in  this  volume  under  the  heading  of 
Black  Sands. 

Tertiary  Sand  Deposits.  The  materials  obtained  from 
partly  consolidated  sedimentary  rocks  of  Tertiary  age 
ordinarily  contain  a  larger  silt  and  clay  fraction  than 
stream,  beach,  or  dune  deposits.  Most  of  the  usable  Ter- 
tiary deposits  are  farther  removed  from  centers  of  con- 
sumption than  Quaternary  alluvial  deposits.  They  con- 
stitute a  large  reserve  of  well-sorted  sand  of  uniform 
composition,  and  include  most  of  the  known  deposits  of 
high-silica  sands  in  California. 

UTILIZATION 

The  material  obtained  from  stream  deposits  in  Cali- 
fornia is  used  mostly  as  aggregate.  Most  of  the  sand  from 
the  Recent  beach  and  dune  deposits  and  from  Tertiary 
deposits  is  marketed  for  special  purposes.  Some  of  the 
sand  that  is  acceptable  for  special  uses  also  is  used  as 
aggregate.  Material  from  some  deposits  is  processed  in 
one  of  several  ways,  depending  on  the  intended  use. 

The  following  uses  of  sand  and  gravel  are  discussed 
below : 

Aggregate 

Portland    cement    concrete,    including    stucco,    soil 

cement,  and  cement-treated  road  base. 
Interior  plaster 

Bituminous-bound  (asphalt)  concrete,  including  bi- 
tuminous macadam 
Railroad  ballast 
Fill 

(A  wide  variety  of  specialty  uses  of  sand  and  gravel 
are  discussed  in  the  section  on  specialty  sands  in  this 
volume. ) 

AGGREGATE 

Aggregate  is  commonly  defined  as  a  hard,  inert 
material  composed  of  fragments  which  show  a  wide  and 
gradational  range  in  sizes,  and  which  can  be  boiind 
together  into  a  coherent  mass  by  means  of  a  cementing 
material  such  as  portland  cement,  gypsum  plaster,  or 
asphalt.  The  term  also  has  been  applied  to  any  mass 
of  like  mineral  fragments,  used  with  or  without  binder 

Size  grading  of  aggregate  for  plant-mixed  cement-treated  road  hase. 
(California  Div.  Highways  IB-iS,  p.  110). 


Sieve  size 

Percentage  passing 

100 

90-100 

No.4 

No.  30 

40-  75 
15-  40 

No.  200 

3-  15 

in  a  wide  variety  of  ways,  including  uses  that  involve 
physical  and  chemical  alteration  of  the  aggregate  mate- 
rial (Kriege,  1948,  p.  205). 

In  1953,  a  total  of  31,711,120  short  tons  of  sand  and 
gravel,  valued  at  $28,392,638,  were  produced  in  Califor- 
nia for  use  in  the  building  industry.  The  1953  output 
of  sand  and  gravel  used  as  paving  material  was  24,512,- 
561  tons,  valued  at  $20,370,263  (Otis  and  Shupp,  1956, 
pp.  4,  5,  7).  Together  these  two  industries  consumed 
more  than  96  percent  of  California's  output  of  sand 
and  gravel.  The  building  industry  used  aggregate  in 
Portland  cement  concrete  and  gypsum  plaster,  whereas 
the  paving  industry  consumed  aggregate  in  portland 
cement  concrete  and  in  bituminous  concrete. 

Portland  Cement  Concrete  Aggregate.  Portland  ce- 
ment concrete  consists  of  coarse  to  fine  aggregate  sur- 
rounded and  held  together  by  hardened  portland 
cement  paste  (see  discussion  of  portland  cement  in  this 
volume).  Powdered  portland  cement  is  mixed  with  aggre- 
gate and  water  to  form  a  plastic  mass  that  can  be  formed 
into  various  shapes.  Chemical  action  between  the  cement 
and  water  causes  complex  hydrous  calcium  aluminum 
silicates  to  crystallize  and  bind  the  mass  into  a  hard 
monolithic  unit.  Concrete  mixes  commonly  contain  15 
to  20  percent  water,  7  to  14  percent  cement,  and  66  to 
78  percent  aggregate. 

The  quality  of  aggregate  is  a  major  factor  in  determine 
ing  the  quality  of  the  concrete.  Aggregate  specifications 
for  various  uses  have  been  established  by  several  agen- 
cies such  as  U.  S.  Bureau  of  Reclamation,  U.  S.  Army 
Corps  of  Engineers,  and  California  Division  of  High- 
ways, to  insure  that  aggregate  is  satisfactory  for  par- 
ticular types  of  use.  These  agencies  and  other  major 
consumers  of  concrete  test  aggregate  for  acceptance  by 
standard  test  procedures  outlined  by  such  organizations 
as  the  American  Society  for  Testing  Materials,  and  the 
American  Association  of  State  Highway  Officials.  These 
specifications  have  been  subject  to  minor  variations 
which  reflect  slight  differences  in  usage  procedures  or 
in  engineering  opinion,  or  have  been  necessary  to  permit 
use  of  available  local  materials  for  economic  reasons. 

Portland  cement  concrete  aggregate  should  be  clean, 
hard,  sound,  durable,  and  of  uniform  quality.  It  should 
be  free  of  soft,  friable,  thin,  or  laminated  fragments, 
organic  matter,  oil,  alkali,  or  other  deleterious  sub- 
stances. Specific  gravity,  color,  lack  of  chemically  re- 
active ingredients,  compressive  strength,  and  roundness 
of  particles  are  important  in  some  uses. 

Most  aggregate  specifications  have  been  established  to 
insure  strong,  sound  concrete  that  will  withstand  the 
physical  and  chemical  effects  of  weather  and  use.  Color 
is  important  mainly  in  sand  used  for  stucco  or  plaster 
finishes.  Round  or  equant  particles  are  desired  to  im- 
prove workability  of  cement  as  it  is  poured.  If  angular, 
fiat,  or  elongated  particles  exceed  about  15  percent  of 
the  volume  of  the  aggregate,  workability  may  be  main- 
tained by  increasing  the  proportions  of  sand  and  water, 
which  reduces  the  strength,  or  by  increasing  the  propor- 
tion of  cement,  which  in  turn  raises  the  cost. 

Certain  mineral  substances,  such  as  gypsum,  zeolite, 
pyrite,  opal,  chalcedony,  chert,  siliceous  shale,  volcanic 
glass,  and  some  acid  volcanic  rocks,  are  undesirable  in 
aggregate.  Gypsum  shortens  the  setting  time  of  cement; 


498 


Bulletin  176 — Mineral  Commodities  op  California 


Numerical  list  of  sand  and  gravel  operations  active  in  1953. 
(For  locations  see  accompanying  map,  figure  2.) 


Alameda  County 

1.  Bell  Sand  and  Gravel  Co. 

4.  Henry  J.  Kaiser  Co.,  Niles 

5.  Henry  J.  Kaiser  Co.,  Radum 

7.  Pacific    Coast    Aggregates,     Center- 

ville 

8.  Pacific  Coast  Aggregates,  Eliot 

9.  Pacific  Coast  Aggregates,  Niles 
10.  Rhodes  and  Jamieson  Ltd. 

12A.  California  Rock  and  Gravel  Co. 

Butte  County 

12.  Butte  Creek  Rock  Co. 

13.  Gene  Holland 

14.  Henry  J.  Kaiser  Co. 

15.  Marler  Rock  Co. 

16.  Mathews  Ready  Mix 

Calaveras  County 

17.  Neilsen  Sand  and  Gravel  Co. 
Colusa  County 

18.  Cortina  Sand,  Gravel,  and  Silt  Co. 

19.  Paul  Entreraont 

Del  Norte  County 

26.  Crescent  City  Rock  Co. 

27.  Peters  Rock  Co. 

29.  Simpson  Logging  Co. 

30.  llarin  Tryon 

El  Dorado  County 

31.  Kl  Dorado  Rock  and  Sand  Co. 
Fresno  County 

32.  Anderson  Rock  Supply 

33.  Atchison,    Topeka,    and    Santa    Fe 

Railway  Co. 

34.  Central  Kock  and  Sand  Co. 

35.  L.  D.  Folsom,  Inc. 

36.  Herndon  Rock  Products  Co. 

37.  Pacific  Coast  Aggregates 

38.  Gene  Richards 

39.  Sanger  Rock  and  Sand 

42.  Thompson  Materials  Co. 

Glenn  County 

43.  L.  G.  Madsen  and  L.  J.  Paul 

44.  Orland  Sand  and  Gravei  Lo. 

45.  \V.  .1.  Kalibitt  Co. 

46.  Southern  Pacific  Co. 

Humboldt  County 

47.  Eureka  Sand  and  Gravel  Co. 

49.  Mad  River  Sand  and  Gravel  Co. 

50.  McVVhorter  and  Dougherty 

Imperial  County 

51.  Valley  Transit  Cement  Co. 

Kern  County 

53.  C  and  H  Materials  Co. 

54.  Crifflth  Co. 

55.  Hartman  Concrete  Materials  Co. 

56.  Kern  Rock  Co. 

Lake  County 

57.  F.  M.  Frazell  Co. 

58.  Lange  Bros. 

Lassen  County 

59.  Grayson  Concrete  and  Materials 

Los  Angeles  County 

6.  (San  Fernando  Valley  producing  dis- 

trict:) 
Arrow  Rock  Co.,  Sun  Valley 
Blue  Diamond  Corp.,  Sun  Valley 
California  Materials  Co. 
City  Rock  Co. 
Consolidated  Rock  Products, 

Roscoe 
Consolidated  Rock  Products, 

Hewitt 
Granite  Materials  Co. 

7.  (San   Gabriel  Valley  producing  dis- 

trict:) 
Arrow  Rock  Co.,  Duarte 
Azusa  Rock  and  Sand  Co. 
Blue  Diamond  Corp.,  Santa  Fe 
Century  Rock  Products 
Consolidated    Rock    Products   Co., 

Irwindale 
Consolidated    Rock    Products    Co., 

Largo 
Consolidated    Rock   Products    Co., 

Sierra 
Graham  Bros.,  Inc. 


Livingston  Rock  and  Gravel  Co. 
Manning  Brothers  Rock  and  Sand 

Co. 
Osborn  Co. 

Owl  Rock  Products  Co. 
Pacflc  Rock  and  Gravel  Co. 
Sierra  Rock  Products  Co. 
Sparks  and  Mundo  Engineering  Co. 
(Palos  Verdes  area:) 
Chandler's  Palos  Verdes  Sand  and 

Gravel 
Sidebotham  and  Son,  Inc. 
Torrance  Sand  and  Gravel  Co. 
85.  Mac.\rthur  and  Son 

Madera  County 

97.  Thompson  Materials  and  Construction 
Co. 

Mariposa  County 

101.  G.  P.,  J.  G.,  and  E.  C.  Greenauger 

Co. 

102.  William  J.  Saye 

Mendocino  County 

103.  Ford  Gravel  Co. 

104.  Ukiah  Gravei  and  Cement  Co. 

Merced  County 

105.  Cressey  Sand  and  Gravel  Co. 

106.  Le  Grand  Sand  and  Gravel  Co. 

107.  Los  Bancs  Gravel  Co. 

108.  River  Rock  Co. 

109.  Turlock  Rock  Co. 

110.  Valley  Aggregates 

Monterey  County 
115.  M.  J.  Murphy 
Napa  County 

120.  Benson  Gravel  Plant 
Nevada  County 

121.  Greenhorn  Sand  and  Gravel  Co. 

122.  Bob  Winkle 

Orange  County 

8.  (Santa    Ana-Orange    producing    dis- 

trict:) 

Burris  Sand  Pit 

California  Rock  Co. 

Consolidated  Rock  Products  Co. 

Foster  Sand  and  Gravel  Co. 

A.  E.  Fowler  and  Sons 

Graham  Bros.  Inc. 

McClellan  and  Sons 

P.  J.  Noble 

Orange  County  Rock  Products  Co. 

Sully-Miller  Construction  Co. 
Placer  County 
136.  Joe  Chevreaux,  Contractor 

Riverside  County  * 

140.  Desert  Rock  Co. 

142.  Massey  Rock  and  Sand  Co. 

145.  Palm  Springs  Builders  Supply  Co. 

146.  San  Gorgonlo  Rock  Products  Co. 

Sacramento  County 
2.   (Sacramento  producing  district:) 
Asta  Construction  Co. 
American   River   Sand  and   Gravel 

Co. 
Brighton  Sand  and  Gravel  Co. 
Del  Paso  Rock  Co. 
Fair  Oaks  Sand  and  Gravel  Co. 
Haggin  Gravel  Co. 
Hard  Materials  Co. 
McGillivray  Construction  Co. 
Pacific  Coast  Aggregates 
Perkins  Gravel  Co. 
Robert  Powell  Co. 
Robertson's  Sand  and  Gravel  Co. 

San  Bernardino  County 

9.  (San  Bernardino  producing  district:) 

Fontana  Gravel  Co. 
Fourth  Street  Rock  Crusher 
George  Herz  and  Co. 
Holliday  Rock  Products  Co., 

Colton 
Holliday  Rock  Products  Co.,  Upland 
Service  Rock  Co. 
Triangle  Rock  and  Gravel  Co. 
Tri-Clty  Rock  Co. 
(Claremont  area:) 
Consolidated  Rock  Products  Co. 
Hanawalts 
Edwin  C.  Hill 


San  Diego  County 

177.  Canyon  Rock  Co. 

178.  Caudeli  and  Johnson,  Mission  Valley 

179.  Caudeli  and  Johnson,  Poway  Valley 

181.  Daley  Corp. 

182.  Denton's  Sand  Plant 

184.  Escondido  Sand  and  Gravel  Co. 

185.  Fenton  Material  Co.,  Murray  Canyon 

186.  Fenton  Material  Co.,  Mission  Valley 

187.  Fenton  Material  Co.,  Otay 

190.  Monarch  Materials  Co. 

191.  Nelson  and  Sloan 

192.  Carl  Niemann 

193.  Rohl  Co.,  Inc. 

San  Joaquin  County 

197.  Pacific  Coast  Aggregates  Co. 

198.  Putnam  Sand  and  Gravel  Co. 

199.  Tracy  Rock  and  Gravel  Co. 

200.  Claude  C.  Wood  Co. 
200A.  Neil  Ellsbury 

San  Luis  Obispo  County 
202  Walter  B.  Roselip 
Santa  Barbara  County 

207.  Buell  Flat  Rock  Co. 

208.  Southern  Pacific  Milling  Co. 

209.  Valley  Sand  and  Gravel  Co. 

Santa  Clara  County 

210.  J.  C.  Bateman 

211.  Los  Gates  Construction  Co. 

212.  Los  Gates  Sand  and  Gravel  Co. 

214.  Leo  F.  Piazza  Paving  Co. 

215.  Raisch  Paving  Co. 

218.  Western  Gravel  Corp. 

219.  Western  Tile  and  Supply  Co. 

Santa  Cruz  County 

220.  Hansen,  Silvey.  and  Sinnott 

222.  V.  W.  Maddock 

223.  Pacific  Coast  Aggregates  Co. 

224.  Santa  Cruz  Aggregate  Co. 

Shasta  County 

225.  Frederickson  and  Watson 

226.  J.  H.  Hein 

227.  Oaks  Sand,  Gravel  and  Cement  Co. 

228.  Bert  C.  Peeler 

Siskiyou  County 

229.  J.  S.  Jensen  and  M.  N.  Thompson 
Sonoma  County 

234.  Basalt  Rock  Co. 
238.  Marshall  Maxwell 

240.  L.  T.  Willig 

Stanislaus  County 

241.  American  Sand  and  Gravel  Co. 

244.  Frank  B.  Marks,  Jr. 

245.  Modesto  Sand  and  Gravel  Co. 

247.  Santa  Fe  Rock  and  Sand  Co. 

248.  Standard  Rock  Co. 

249.  Charles  D.  Warner  and  Son 

Tehama  County 

251.  Allen,  Holseman,  and  Paulsen 

252.  Frederickson  and  Watson 

Trinity  County 

253.  Trinity  Sand  and  Gravel  Co. 

Tulare  County 

254.  Middleton-Sequoia  Co. 

255.  Pacific   Coast  Aggregates,   Lemon 

Cove 

256.  Pacific  Coast  Aggregates,  Lindsay 

Tuolumne  County 

257.  Beerman  and  Jones 
Ventura  County 

259.  Montalvo  Rock  Co. 

260.  Saticoy  Rock  Co. 

261.  Southern  Pacific  Milling  Co. 

Yolo  County 

262.  Madison  Sand  and  Gravel  Co. 

263.  Pacific  Coast  Aggregates  Co. 

264.  Perkins  Gravel  Co. 

265.  W.  C.  Railing 

266.  Schwarzgruber  and  Sons 
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MAP  OF  CALIFORNIA 

SHOWING   DISTRIBUTION 

OF    POPULATION 


3.  Niies 

4.  Livermore 

5.  Tracy 

6.  Son  Fernondo  Valley 

7.  Son  Gcbnel  Valley 
6.  Sonto  Ana  -Orange 
9.  Son    Bernordino 
10.  San  Diego 

^nj       Major  consuming  areas 

^-^  yl.  Sacramento  (25  mile  radius) 

B-  San  Francisco  Bay  (60  mile  radius) 
C  Los   Angeles  (40  mile  rodtus) 
D.  Sori  Bernordino  Valley  (25mile  radius) 
£".  San  Diego  [25  mile  radius) 

Circles  indicate  approximate  limits  of 

economic  transportation  of  sand  and 

gravel  within  the  industrial  area. 


Figure  2.     Map  showing  locations  of  the  most  productive  sand  and  gravel  operations  in  California.  Most  of  these  have  been  active  since 
1950.  Ten  major  producing  districts  and  five  major  consuming  areas  are  indicated.  From  V.  S,  Bur,  Mines  and  California  Div.  Mines  records. 
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Quality  of  concrete  aggregate. 


Property  of  aggregate 


Cleanness  (lack  of  dirt,  clay,  or  silt  finer  than 
200  mesh) 

Hardness  and  durability  (resistance  to  abrasion) 


Toughness 

Soundness  (lack  of  fissures  in  particles) 

Lack  of  soft  or  friable  fragments 


Lack  of  organic  matter  (coal,  lignite,  organic 
impurities) 


Unit  weight 

Specific  gravity — dry  and  with  absorbed  liquid 


General  characteristics: 

1.  Particle  shape 

2.  Character  of  surface 

3.  Grain  size 

4.  Texture   (e.g.   pore-space,   grain   packing, 

cementation) 

5.  Color 

6.  Mineral  composition 

7.  General  physical  condition  (e.g.  weather- 

ing) 

8.  Presence  of  potentially  deleterious  chemical 

substances  (e.g.  gypsum,  zeolite,  pyrite, 
opal,  chalcedony,  volcanic  glass) 
Potential  chemical  reactivity 


Size  grading  characteristics 

Sand  Equivalent  (California  only) 


Importance  in  concrete 


Determines  quality  of  bond  with 
cement. 

Affects  strength,  resistance  to  wear. 


Affects  strength,  resistance  to  wear. 

Affects  strength,  susceptibility  to 
frost  damage  from  expansion  of 
absorbed  water. 

Affects  strength,  resistance  to  wear. 


Affects  strength,  resistance  to  wear. 


Determines  mass. 

Determines  mass  (specific  gravity 
commonly  specified  2.5  or  more) ; 
absorption  affects  bond  of 
cement  paste  to  particles. 

Different  effects  on  strength,  hard- 
ness, color,  and  permanence  of 
concrete. 


Affects  permanence  of  concrete; 
reactive  substances  cause  "pop- 
outs"  and  failures  due  to  ex- 
pansion. 


Affects   flowability,   residual  void 
spaces,  strength. 

Affects  permanence  of  concrete. 


Test  methods 


Measure     material     passing     200-me8h     sieve; 

measure  suspended  material  after  shaking  in 
water. 

"Los  Angeles  Rattler";  measure  proportion  of 
fine  material  produced  by  abrasion  in  revolving 
metal  drum  after  100  and  500  turns. 

Impact;  measure  distance  a  standard-size  ham- 
mer drops  on  specimen  to  fracture  it. 

Alternately  soak  in  sodium  or  magnesium  sul- 
fate solution  and  dry ;  crystallization  of 
absorbed  solution  forces  open  invisible  cracks. 

Scratch  test  using  brass  rod  of  Rockwell  hard- 
ness B65  to  B75;  rock  softer  than  rod  is  un- 
satisfactory. 

Separate  material  lighter  than  2.0  specific  gravity 
in  heavy  liquid,  and  weigh;  compare  color  of 
sample  with  standard  color  solution — dark 
color  assumed  due  to  organic  material. 

Weigh  aggregate  contained  in  standard  cubic 
foot  measure. 

Compare  oven-dry  weight  with  immersed  weight, 
and  weight  after  surface  re-dried. 


Examine  by  naked  eye,  hand  lens,  and  under 
petrographic  microscope. 


Weigh    silica    dissolved    in    sodium    hydroxide 

solution;    measure    reduction    in    alkalinity 

caused  by  immersion  of  sample  in  standard 

sodium  hydroxide  solution. 
Measure  expansion  under  controlled  conditions, 

in  sample  bar  of  mortar  made  with  aggregate 

in  question. 
Standard  sieve  analysis:  screen  in  standard-size 

screens;    weigh    various    fractions;    plot    on 

appropriate  graphs. 
Determine  relative  proportions  of  detrimental 

fine   dust  or  claylike  materials  present,    by 

elutriation  processes. 


Reference  to  tests 


ASTM      test     CU7-49     (ASTM 
1954,  pp.  47-48) 

ASTM  test  C131-51  (ASTM  1954, 
pp.  40-42) 

ASTM  test  D3-18  (ASTM   1954, 

pp.  88-89) 
ASTM      test     C88-46T     (ASTM 

1954,  pp.  76-81) 

ASTM  test  C235-54  (ASTM  1954, 

pp.  74-75) 

ASTM  tests  C123-53T  and  C40- 

48. 
(ASTM  1954,  pp.  51-52;  56). 

ASTM  test  C29-42  (ASTM  1954, 

pp.  90-91) 
ASTM  tests  C 127-42,  and  CI 28-42 
(ASTM  1954,  pp.  82-83;  84- ?5) 


ASTM      test     C295-54      (ASTM 
1954,  pp.  97-106) 


ASTM     test    C289-54T     (ASTM 

1954,  pp.  54-63) 


ASTM     test    C227-52T     (ASTM 
1954,  pp.  296-303) 


ASTM      teat     C136-46 
1954,  pp.  69-71) 


(ASTM 


Div.  of  Highways  Mat.  &  Re- 
search Dept.  Method  No. 
Calif.  217-A 


Grading  requirements  of  several  commonly  used  sizes  of  aggregate,  shoiving  required  percentage  distribution  of  fragments  within  the  maxi- 
mum and  minimum  size  limits.  Gradings  designated  '^combined  aggregate''  are  prepared  by  combining  the 
primary  gradings  (California  Div.  Highivays,  1954*  P-  i81). 


Weight  percentage  passing  sieve 

Sieve  size 

Primary  aggregate 

Combined  aggregate 

2H"to  IH" 

IH'to'A' 

1"  to  No.  4 

H"  to  No.  4 

Fine 

2>^"  max. 

IH*  max. 

Ji'  max. 

3" 

100 
90-100 
35-70 
0-15 

0-5 
0-2 

100 
90-100 
20-55 

0-15 

0-5 

6-2 

100 
90-100 
60-85 
15-40 

0-15 

0-5 

0^2 

100 
90-100 
20-55 

0-15 

0-6 

0-2 

"lOO 
90-100 
65-90 
45-70 
25-45 
10-20 

2-8 

0-4 

100 
95-100 
80-95 
65-87 
50-75 
45-66 
38-55 
30-45 
23-35 
17-27 
10-17 

4-9 

0-3 

0-2 

100 
90-100 
50-86 
45-75 
38-55 
30-45 
23-35 
17-27 
10-17 

4-9 

0-3 

0-2 

2H' 

2' 

IH'               -       -   -- 

!• 

100 

H' 

^'  .        

90-100 
60-80 

No.  4 

40-60 

No.  8                     ... 

30-45 

No.  16 

No.  30 

No.  50... 

No.  100 

20-35 
13-23 
5-15 
0-5 

No.  200 

0-2 
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Figure  3.  Size  ranges  of  fine  and  coarse  agRregate.  Areas  be- 
tween curves  indicate  acceptable  sizings  under  specification  C  33- 
54T  for  fine  aggregate  (Xo.  100  to  No.  4  sieves)  and  one  size  of 
coarse  aggregate  (Xo.  4  to  li-ineh  sieves).  After  ASTM  1953,  pp. 
1,  S. 

pyrite  dissociates  to  yield  sulfuric  acid  and  iron  oxide 
stain.  The  other  substances  noted  above  contain  silica  in 
a  form  that  reacts  with  alkali  substances  in  the  cement. 


A  colloidal  material,  thus  formed,  absorbs  water  and  in- 
creases in  volume  as  the  concrete  hardens.  Internal  ex- 
pansion may  continue  for  as  long  as  two  years,  and 
result  in  serious  cracking,  as  well  as  surface  pits  known 
as  "popouts. "  If  reactive  aggregate  is  unavoidable, 
alkali  reactions  can  be  controlled  by  addition  of  pozzolan 
to  the  mix  or  by  use  of  low  alkali  cement. 

Sand  and  gravel  that  meet  physical  reqiurements 
must  be  marketed  in  the  size  ranges  that  are  specified 
for  particular  uses.  A  different  size  range  is  specified  for 
concrete  mixes  to  be  used  for  each  of  the  following 
products:  pavements,  curbs,  walks  and  gutters,  struc- 
tural walls,  piers,  mortar,  plaster,  and  stucco.  Fragment 
size  distribution  within  the  maximum  and  minimum 
limits  also  is  closely  specified. 

Aggregate  is  divided  into  two  main  size  ranges:  fine 
aggregate,  from  200  mesh  to  \  inch;  and  coarse  aggre- 
gate, larger  than  \  inch.  The  grading  and  maximum  size 
of  aggregate  largely  determine  the  relative  proportions 
of  ingredients  to  be  used,  as  well  as  the  workability, 
economy,  porosity,  and  shrinkage  of  the  concrete  (Port- 
land Cement  Association  1952,  pp.  11-13).  The  largest 


CRUSHED  ROCK  SECTION 
(All  products  crushed, none  washed) 


Plaster    Sand 

SAND  AND  GRAVEL  SECTION 
(All   products  washed;  none  crushed) 


Figure  4.  Generalized  flowsheet  of  a  typical  large  (200  to  1000  tons  per  hour)  plant  producing  sand,  gravel,  and  crushed  stone  from 
alluvial  deposits.  By  varying  size,  number,  and  position  of  screens,  and  adjusting  crusher  settings,  a  variety  of  sand,  gravel,  and  crushed 
stone  can  be  produced.  Water  is  added  for  all  screening  and  classifying  in  the  sand  and  gravel  section,  to  wash  away  excess  fine  material. 
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Figure  5.  Photo  showing  character  of  sand  and  gravel  in  river 
flood-plain  deposit  of  Pleistocene  Victor  formation,  exposed  in  pit 
of  Perkins  Gravel  Company,  Sacramento  County.  Layers  of  light 
and  dark  sand  are  well  sorted,  in  part  cross-bedded ;  pebbles  are 
well  rounded. 

practicable  size  of  coarse  aggregate  is  desirable,  but  gen- 
erally the  maximum  size  should  not  exceed  |  the  mini- 
mum dimension  of  the  member  nor  |  the  clear  spacing 
between  reinforcing  bars.  In  fine  aggregate,  the  larger 
the  fraction  that  passes  the  No.  50  and  100  sieves,  the 
greater  the  workability;  the  smoother  the  finish  and 
surface  texture ;  but  the  greater  the  water  gain. 

Most  natural  deposits  of  sand  and  gravel  contain  too 
much  material  of  sizes  finer  than  200  mesh,  and  oversize 
cobbles  also  are  commonly  present.  Except  in  small 
local  operations,  therefore,  pit-run  material  is  carefully 
washed  and  screened  into  appropriate  sizes  which  then 
commonly  are  blended  in  specified  proportions. 

Stucco  is  a  special  type  of  portland  cement  concrete, 
in  which  only  fine  aggregate — concrete  and  plaster 
sand — are  used.  Stucco  is  used  on  outside  surfaces, 
whereas  plaster  is  used  only  inside. 

Soil  cement  is  a  rather  low-grade  type  of  portland 
cement  concrete,  formed  by  mixing  portland  cement  with 


Nominal  sine  specifications  of  the  main  classes  of  aggregate  produced 

by  most  companies  in  Los  Angeles  County.  (Gay  and 

Boffman,  1954,  V-  559.) 


Crushed  rock  (not  washed) 

No.  1  crushed  rock 

No.  2  crushed  rock 

No.  3  crushed  rock,  large 

No.  3  crushed  rock,  small... 
No.  4  crushed  rock 

Gravel  (washed) 

No.  1  gravel 

No.  2  gravel 

No.  3  gravel 

No.  4  gravel  ("pea") 

Sand  (washed) 

Concrete  sand 

Plaster  sand 


pulverized  natural  earthy  material.  The  mixture  is  com- 
pacted and  watered  so  the  cement  hardens.  This  practice, 
increasingly  common  in  road-building  in  California,  re- 
sults in  stronger,  more  stable  subgrade  to  support  paving 
courses  (for  details  see  California  Div.  Highways  1954, 
pp.  96-110).  Neither  sand  and  gravel  nor  crushed  stone 
is  used,  as  such,  in  soil  cement  and  specifications  for  the 
aggregate  are  necessarily  very  lenient. 
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FiGUHE  6.  Photo  showing  character  of  sand  and  gravel  in 
marine  deposit  of  Cretaceous  (?)  Nova  to  conglomerate,  exposed  in 
pit  of  Black  Point  operation  of  Niles  Sand  and  Gravel  Company, 
in  Marin  County.  There  is  a  general  lack  of  sorting  or  bedding,  and 
a  high  degree  of  rounding  of  pebbles  and  cobbles. 


FiGLHK  T.  Photo  showing  typical  poorly  sorted  and  poorly 
bedded  dry  wash  deposit,  as  exposed  in  pit  of  Osborn  Company, 
Eaton  Wash,  Los  Angeles  County.  Canteen  is  about  14  inches  in 
diameter.  Degree  of  rounding  of  larger  cobbles  and  boulders  varies. 

Cement-treated  road  base  (California  Div.  Highways 
1954,  pp.  96-108)  is  a  type  of  portland  cement  concrete 
that  is  intermediate  in  quality  between  soil  cement  and 
normal  concrete.  It  is  used  as  base  course  to  give  stable 
support  for  paving  courses  in  road  construction.  Road- 
mixed  cement-treated  base  (California  Div.  Highways 
1954,  pp.  101-102)  commonly  has  the  natural  material  of 
the  roadbed  for  aggregate  and  corresponds  to  soil  cement. 
Plant-mix  cement-treated  base  (California  Div.  High- 
ways 1954,  pp.  102-104)  serves  the  same  function  but 
requires  aggregate  free  from  adobe,  vegetable  matter 
and  other  deleterious  substances  and  uniformly  graded. 

Interior  Plaster  Aggregate.  Interior  plaster  consists 
of  fine-grained  aggregate  held  together  by  a  solidified 
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Size  distribution  in  concrete  sand  and  plaster  sand. 


Standard  sieve  sizes, 

Percentage  passing* 

square  screen  openings 

A 

B 

C 

^-inch 

100 
90-100 
65-  90 
45-  70 
25-  45 
10-  20 
2-     8 

95-100 
80-  90 
60-  80 
30-  60 
12-  30 
2-     8 

No.  4  (4760-micron) 

No.  8  (2380-micron) 

No.  16  (1190-micron) 

No.  30  (590-micron) 

No.  50  (297-micron) . 

100 

95-100 

70-  95 

35-  70 

5-  35 

No.  100  (149-micron) 

0-  10 

•  (A)  Distribution  of  particle  sizes  within  the  size  rarge  of  concrete  sand,  (Los  Angeles 
County  Road  Department,  1049,  Rock,  gravel,  sand,  and  stone  dust:  Standard  speci- 
fications, section  37,  p.  4).  (B)  Distribution  of  particle  sizes  in  concrete  sand, 
specified  by  U.  S.  Bureau  of  Reclamation  (Portland  Cement  Association  1952,  p.  12). 
(C)  Sieve  analysis  required  of  sand  for  use  in  interior  plaster  (A.S.T.M.  specification 
(tentative)  C35-54T:  ASTM  1954,  p,  310), 

paste  of  cementing  material.  It  is  used  to  cover  walls  and 
ceilings.  In  recent  years  more  and  more  attention  has 
been  paid  to  the  acoustical  qualities  of  interior  plaster. 
Plaster  aggregate  formerly  consisted  entirely  of  fine 
sand  ("plaster  sand"),  but  in  the  past  decade  light- 
weight aggregate,  especially  perlite,  has  largely  replaced 
sand  in  this  use  (see  section  on  pumice,  in  this  volume). 


Figure  8.  Photo  showing  unconsolidated  stream-bed  deposit,  in 
Cache  Creek,  Yolo  County.  Deposit  is  well  sorted  and  well  bedded, 
and  fine  sizes  of  gravel  predominate. 

I'ortland  cement  formerly  was  the  binder  most  used  in 
lilaster,  but  in  the  past  several  decades  gypsum  cement 
has  almost  entirely  replaced  it  in  this  use  except  where 
waterproof  walls  are  required. 

Gypsum  cement  consists  of  artificially  prepared, 
nearly  anhydrous  calcium  sulfate  mixed  with  inert  sub- 
stances such  as  hemp  fiber  or  wood  pulp.  One  part  of 
•I'T  gypsum  cement  is  added  to  about  two  and  a  half 
parts  of  aggregate,  and  enough  water  to  make  the  mass 
]>lastic  for  application.  Crystalline  hydrous  calcium  sul- 
fate (gypsum)  soon  forms,  which  binds  the  plaster  in 
solid  form. 

Besides  meeting  size  requirements,  aggregate  for  plas- 
ter  must  have  uniformly  light  color,  less  than  0.15  per- 
<ent  water-soluble  impurities,  and  be  free  of  detrimental 
<iuantities    of    organic    impurities    (A.S.T.M.    tentative 


specification  C35-54T  for  inorganic  aggregates  for  use  in 
interior  plaster:  A.S.T.M.  1954,  pp.  310-312).  Other 
qualities  generally  required  of  portland  cement  concrete 
aggregate  also  apply  to  plaster  aggregate. 

Aggregate  Used  with  Bituminous  Binder.  Sand  and 
gravel  or  crushed  stone  aggregate  is  commonly  bound 
together  by  a  bituminous  material  such  as  asphalt  or 
tar  to  make  asphalt  concrete,  also  known  as  bituminous 
concrete  (ASTM  1954),  or  bituminous  macadam  (Cali- 
fornia Div.  Highways  1949,  pp.  166-186),  which  are  used 
primarily  as  a  paving  material.  Unlike  portland  cement 
concrete,  bituminous-bound  concrete  and  macadam  are 
slightly  plastic  under  very  great  or  long-applied  stresses. 
Sand  and  gravel  may  be  used  for  bituminous-bound  ag- 
gregate, but  crushed  stone  is  preferred  because  broken 
surfaces  adhere  better  to  the  binder  than  do  rounded 
ones,  and  the  interlocking  of  angular  particles  strengthens 
the  concrete  (for  more  details  see  section  on  crushed 
and  broken  stone) . 

DEPOSITS   IN  CALIFORNIA 

Eecent  stream  deposits,  including  stream  bed,  dry 
wash,  bank,  and  terrace  deposits,  are  widely  distributed 
in  California,  and  yield  almost  all  the  sand  and  gravel 
aggregate  produced  in  the  state.  In  northwestern  Cali- 
fornia, deposits  along  the  Smith  and  Klamath  Rivers 
supply  the  Crescent  City  area,  Del  Norte  County,  and 
deposits  along  the  Mad  and  Eel  Rivers  supply  the 
Eureka  area,  Humboldt  County.  In  the  Sacramento  Val- 
ley, northern  portion  of  the  Great  Valley,  deposits  along 
the  Sacramento  River,  and  its  tributary  creeks  and 
rivers,  provide  sand  and  gravel  aggregate  for  consump- 
tion at  Redding,  Shasta  County;  Red  Bluff,  Tehama 
County;  Chico,  Butte  County;  Marysville,  Yuba  and 
Sutter  Counties;  and  Sacramento,  Sacramento  County. 
On  the  west  side  of  the  Sacramento  Valley,  stream  de- 
posits along  Cache  and  Putah  Creeks  provide  aggre- 
gate for  the  "Woodland  and  Winters  areas,  Yolo  County. 
On  the  east  side  of  the  Sacramento  Valley,  deposits  are 
active  along  the  Feather  River,  near  Oroville,  Butte 
County ;  the  Yuba  River,  near  Marysville ;  the  American 
River,  near  Sacramento ;  and  the  Mokelumne  River,  near 
Clements,  San  Joaquin  County. 

In  central  California,  deposits  along  the  Russian  River 
yield  sand  and  gravel  near  Ukiah,  Mendocino  County; 
and  Ilealdsburg  and  Petaluma,  Sonoma  County.  The 
large  tonnages  of  sand  and  gravel  consumed  in  the  San 
Francisco  Bay  area  are  obtained  mainly  from  deep  up- 
lifted stream  cone  deposits  of  ancestral  Alameda  Creek, 
in  the  Niles-Centerville  area,  Alameda  County  ;  and  from 
valley  fill  alluvium  along  Arroyo  del  Valle  and  Arroyo 
Mocho  in  the  Livermore-Pleasanton  area.  Other  stream 
deposits  that  supply  the  San  Francisco  Bay  area  market 
are  located  along  Corral  Hollow  Creek,  near  Tracy,  San 
Joaquin  County;  Coyote,  Los  Gatos,  Guadalupe,  and 
Carnadero  Creeks  near  San  Jose,  Santa  Clara  County; 
and  the  Russian  River  near  Healdsburg. 

In  the  San  Joaquin  Valley,  which  is  the  southern  por- 
tion of  the  Great  Valley,  the  principal  stream  deposits 
of  sand  and  gravel  occur  along  the  San  Joaquin  River 
and  its  tributaries.  On  the  east  side  of  the  valley,  active 
deposits  occur  along  the  Stanislaus  River  near  River- 
bank,  Stanislaus  County;  the  Tuolumne  River  east  of 
Modesto,   Tuolumne    County;   the   Merced   River   near 
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Bulletin  176 — Mineral  Commodities  of  California 
Summary  of  sand  and  gravel  producers  of  California. 


Main  producing  areas' 

Com- 
mercial 

Approximate 
total  annual 

Types  of 

Type  and  source  of 

pro- 

output 

Main  products^ 

Remarks,  references* 

deposits 

rocks  present 

ducers 

(1953)' 

Marketing  area 

Locations  of 

deposits 

active 

(1953)« 

(short  tons; 
value) 

Northern  California 

Crescent  City-Eureka 

Elk  Creek; 

Recent  stream 

Metavolcanic,  granitic 

7 

950,000 

Sand,  gravel,  and 

Used  mainly  in  asphaitic  con- 

area. (Coastal  regions 

Smith.  Klam- 

bed and  river 

and  chert  rocks 

$900,000 

crushed  cobble  ag- 

crete for  paving.  Many  opera- 

of Del  Norte  and 

ath,  Mad,  and 

bar  alluvium. 

derived  from  the 

gregate;  mill  road 

tions  intermittently  active. 

Humboldt  Counties.) 

Eel  Rivers. 

western  Klamath 
Mountains;  gray- 
wacke  and  other 
sandstones,  jasper, 
and  quartzose  rock 
derived  from  north- 
ern Coast  Ranges. 

ballast. 

according  to  demand.  Sea- 
sonal replenishment  of  most 
stream  deposits. 

(Averill  1941,  pp.  527-528,  Hum- 
boldt Co.;  O'Brien  1952B, 
pp.  279-280,  Del  Norte  Co.) 

Redding-Red  Bluff  area. 

Sacramento 

Recent  stream 

Mainly  andesite  and 

9 

850,000 

Sand,  gravel,  and 

Seasonal  replenishment  of  some 

(Upper  Sacramento 

River,  tribu- 

bed and  dry 

basalt;  minor  gray- 

$660,000 

crushed  cobble  ag- 

stream bed  deposits. 

River  in  Shasta,  Te- 

tary creek 

wash  alluvium. 

wacke,  diorite  and 

gregate. 

hama,  Glenn,  and 

beds  and  dry 

quartzite  derived 

(Averill  1939,  pp.  170-171, 

Colusa  Counties.) 

sloughs. 

from  the  Modoc 
Plateau,  eastern 
Klamath  Mountains, 
and  Cascade  Ranges. 

Shasta  Co.;  O'Brien  1946,  p. 
195,  Tehama  Co.;  O'Brien 
and  Braun  1952,  pp.  42-44, 
Glenn  Co.). 

C  hi  co-0  ro  ville-M  arys- 

Chico  and  Butte 

Recent  stream 

Andesite,  basalt. 

8 

1,000,000 

Sand  and  gravel  and 

Suction  dredges  obtain  sand 

ville  area.  (East  side  of 

Creeks; 

bed  and  river 

quartzite,  and  gneiss 

Undetermined 

crushed  cobble  ag- 

from bed  of  Yuba  River. 

Sacramento  River  in 

Feather  and 

bar  alluvium; 

derived  from  the 

gregate;  railroad 

Gold  dredger  tailings  on 

Butte,  Yuba,  and 

Yuba  Rivers; 

dredger  tail- 

southern Cascade 

ballast,  concrete 

Butte  Creek  crushed  for  rail- 

Sutter Counties.) 

minor  tribu- 

ings. 

Ranges,  and  north- 

pipe aggregate; 

road  ballast.  Seasonal  re- 

taries. 

ern  Sierra  Nevada; 
vein  quartz,  quartz- 
ite. meta-andesite 
and  basalt,  diorite, 
gneiss,  sandstone, 
and  scliist  derived 
from  the  northern 
Sierra  Nevada. 

minor  filter  and 
sandblast  sand  and 
roof  granules. 

plenislunent  of  some  stream 
deposits. 

(O'Brien  1949,  pp.  435-439, 
Butte  Co.;  O'Brien  1952A, 

pp.  153-154,  Yuba  Co.). 

Woodland-Winters  area. 

Cache  and  Putah 

Recent  stream 

Meta-sandstones,  sand- 

5 

1,200.000 

Sand  and  gravel  for 

Few  boulders  or  cobbles  present 

(West  side  of  Sacra- 

Creeks. 

bed,  gravel 

stones,  cherts,  meta- 

$1,020,000 

aggregate,  fill,  road 

in  most  pits,  hence  little 

mento  River  in  Yolo 

bank,  and  ter- 

volcanic rocks,  and 

surfacing. 

crushed  stone  produced. 

County.) 

race  alluvium. 

vein  quartz  derived 
from  the  south- 
eastern portion  of 
the  northern  Coast 
Ranges. 

(O'Brien  1950,  pp.  425-431, 
Yolo  Co.). 

Sacramento  area.  (East 

American  and 

Pleistocene  (Vic- 

Mainly metamorphosed 

12 

6.550,000 

Sand,  gravel,  and 

Large  tonnage  produced  for  Fol- 

side  of  Sacramento 

Sacramento 

tor  formation) 

basic  igneous  rocks 

$4,700,000 

crushed  cobbles  for 

som  Dam  project.  1953-54. 

River  in  Sacramento 

Rivers,  and 

and  Recent 

and  quartzitic  meta- 

aggregate;  much 

Suction  dredges  recover  sand 

County.) 

adjacent  flood 

flood  plain  ter- 

sedimentary rocks. 

plaster  and  concrete 

from  American  River  bed, 

plains. 

race  deposits; 

with  minor  vein 

sand ;  road  surfacing 

which  is  seasonally  replen- 

stream bed  and 

quartz,  plutonic  and 

and  fill. 

ished.  Many  pits  are  quar- 

bar alluvium. 

extrusive  igneous 
rocks  derived  from 
the  western  flank  of 
the  central  Sierra 
Nevada. 

ried  from  below  the  water 
table.  Deficiency  of  finer  sizes 
overcome  by  grinding  coarse 
sand  in  rod  mills.  Little  or  no 
potentially  reactive  material. 
Placer  gold  recovered  at 
several  plants. 

(Carlson  1955,  pp.  153-170, 
Sacramento  Co.). 

Central  California 

Ukiah-Healdaburg-Peta- 

Russian  River 

Recent  stream 

Mainly  Jurassic  gray- 

6 

1,000,000 

Sand,  gravel,  and 

Seasonal  replenishment  in  some 

luma  area.  (North  San 

and  minor 

bed  and  river 

wacke  and  other 

Undetermined 

crushed  cobble 

deposits.  Minor  amounts  of 

Francisco  Bay  region, 

tributaries 

bar  alluvium. 

sandstones,  serpen- 

aggregate. 

potentially  reactive  volcanic 

in  Mendocino,  So- 

tine and  jasper  de- 

and chert  fragments. 

noma,  Napa.  Solano 

rived  from  the 

and  Marin  Counties.) 

northern  Coast 
Ranges. 

" 

(Davis  1948,  pp.  184-188,  Napa 
Co.;  Honke  and  Ver  Planck 
1950,  pp.  105-113,  Sonoma 
Co.;  O'Brien  1953,  pp.  367- 
370,  Mendocino  Co.;  Ver 
Planck  1955,  pp.  237-251. 
Marin  Co.). 
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Main  producing  areas' 

Com- 
mercial 

Approximate 
total  annual 

Types  of 
deposits 

Type  and  source  of 
rocks  present 

pro- 
ducers 

output 
(1953)' 

Main  products^ 

Remarks,  references' 

Marketing  area 

Locations  of 

deposits 

active 

(1953)" 

(short  tons; 

value) 

Central  California — 

Continued 

Santa  Cruz  and  San 

Zayante  Creek 

Bedded  friable 

Uniformly  graded. 

5 

1,000,000 

Concrete,  plaster  sand; 

Little  or  no  cobbles  for  crushed 

Francisco  Bay  areas. 

between  Olym- 

Tertiary,  ar- 

light-colored  sand- 

Undetermined 

various  special  sand.*;. 

stone.  Most  sand  is  obtained 

(West  side  of  San 

pia  and  Fel- 

kosic  marine 

atone,  with  minor 

in  65  and  100  mesh  sieves. 

Francisco  Bay  in  San 

ton;  near  So- 

sandstone. 

chert  and  shale 

Friable  sandstone  quarried, 

Francisco.  San  Mateo 

quel  (Santa 

fragments,  all  of  the 

without  blasting,  by  dragline 

and  Santa  Cruz 

Cruz  County). 

upper  Miocene  Santa 

scrapers. 

Counties.) 

Margarita  formation 
exposed  in  the  cen- 
tral Coast  Ranges. 

(Hubbard  1943,  pp.  50-52. 
Santa  Cruz  Co.). 

San  Jose  and  San  Fran- 

Coyote, Los 

Recent  stream 

Arkosic  sandstone. 

6 

1,000,000 

Sand,  gravel,  and 

Seasonal  replenishment  of  most 

cisco  Bay  areas.  (Soutli 

Gatos,  Guada- 

bed and  river 

chert,  shale,  basalt, 

»700,000 

crushed  cobble  ag- 

deposits. Most  creeks  flow 

end  of  San  Francisco 

lupe,  and  Car- 

bar  alluvium. 

gabbro,  and  quartz 

gregate,  fill,  minor 

intermittently.  Most  deposits 

Bay  in  San  Francisco, 

nadero  Creeks; 

fragments,  derived 

filter  gravel. 

worked  only  to  30-foot  depth. 

San  Mateo  and  Santa 

west  side  of 

from  the  Creta- 

Clara Counties.) 

Santa  Clara 
Valley,  be- 
tween Los 
Gatos  and 
Giiroy.  (Santa 
Clara  County). 

ceous  (?)  Franciscan 
formation  of  the  cen- 
tral Coast  Ranges. 

(Davis  and  Jennings  1954,  pp. 
373-381.  Santa  Clara  Co.). 

San  Francisco  Bay  area. 

Niles-Centerville 

Uplifted  alluvial 

Graywacke  and  arkosic 

7 

.5,600,000 

Sand,  gravel,  and 

Creek  bottom  deposits  in  part 

(East  side  of  San 

area:  Alameda 

cone  of  an- 

sandstones, diabase. 

S6,000,000 

crushed  cobble  ag- 

replenished during  rainy 

Francisco  Bay,  in 

Creek  (Ala- 

cestral stream 

basalt,  serpentine. 

gregate,  fill,  ballast. 

season.  Layers  of  clay  must  be 

Alameda  and  Contra 

meda  County) : 

course.  (Niles 

chert,  vein  quartz, 

and  various  specialty 

discarded.  Deeper  pits  quar- 

Costa Counties.) 

Livermore- 

area);  deep 

and  glaucophane 

products. 

ried  below  water  table.  Re- 

Pleasanton 

valley-fill, 

schist  derived  from 

serve  alluvium  reported  at 

area:  Arroyo 

river  and  fan 

the  Cretaceous  (?) 

least  1 ,000  feet  deep  in  the 

del  Valle  and 

alluvium 

Franciscan  formation 

Niles  area  and  at  least  300 

Arroyo  Mocho 

(Pleasanton 

on  the  east  side  of  the 

feet  deep  in  the  Pleasanton 

(Alameda 

area) . 

central  Coast  Ranges. 

area,  but  coarse  boulders  in- 

County). 

crease  with  depth.  Excess 
pea-gravel  crushed  to  sand. 

(Davis  1950,  pp.  318-337, 
Alameda  Co.). 

Tracy- Modesto- Merced 

Corral  Hollow 

Terrace,  bar, 

Quartzite.  granitic 

17 

3.200,000 

Sand,  gravel,  and 

Minor  tonnage  shipped  from 

area.  (Central  San 

Creek.  Cala- 

stream 

types  greenstone. 

»3.000,000 

crushed  cobble  ag- 

Tracy about  60  miles  to  San 

Joaquin  Valley  in  San 

veras,  Stanis- 

channel, dry 

vein  quartz,  Ter- 

gregate, fill,  ballast. 

Francisco  Bay  area.  Delta- 

Joaquin,  Stanislaus 

laus,  and  Mo- 

creek  bed. 

tiary  volcanic  types 

and  various  specialty 

Mendota  Canal  borrow  ma- 

and Merced  Counties.) 

kelumne  Riv- 

and alluvial 

derived  from  the 

uses.  Largely  used 

terial  processed  for  local  use 

ers  (San  Joa- 

fan deposits 

west  side  of  central 

in  road  construction. 

as  road-surface  material. 

quin  County) ; 

of  Recent  age. 

Sierra  Nevada;  simi- 

Dredger tailings  near  Snelling, 

Orestimba 

lar  types  plus  ar- 

Merced County,  crushed  for 

Creek  and 

kosic  sandstone,  chert 

road  construction  use. 

Tuolumne 

and  basic  igneous 

River  (Stanis- 

fragments derived 

(Charles  1947,  pp.  98-100, 

laus  County) ; 

from  the  Creta- 

Stanislaus Co.;  Clark  1955, 

Bear,  Los 

ceous  (?)  Fran- 

pp. 60-69.  San  Joaquin  Co.; 

Banos,  and 

ciscan  and  Upper 

Davis  and  Carlson  1952,  pp. 

Mariposa 

Cretaceous  Panoche 

231-240,  Merced  Co.). 

Creeks,  and 

formations  of  the 

Merced  River 

central  Coast  Ranges. 

(Merced 

County). 

Fresno- Visalia-Porter- 

San  Joaquin, 

Recent  stream 

Granitic,  basaltic,  and 

12 

1 .200,000 

Sand,  gravel,  and 

Nearly  4^  million  tons  of  ag- 

ville area.  (Central 

Kings,  Tule. 

bed,  dry 

andesitic  igneous 

Undetermined 

crushed  cobble  ag- 

gregate produced  1940-1942 

San  Joaquin  valley. 

and  St.  Johns 

creek  and 

rocks;  gneiss,  quartz- 

gregate, concrete 

near  Friant  for  Friant  Dam. 

in  Madera,  Fresno. 

Rivers;  vari- 

river bar 

ite,  schist,  and  vein 

pipe  aggregate, 

Preponderance  of  sand  and 

and  Tulare  Counties.) 

ous  small  trib- 

alluvium. 

quartz,  all  derived 

cobbles  for  dam 

fine  sizes  of  gravel.  Placer 

utary  creeks. 

from  the  western 
flank  of  the  central 
Sierra  Nevada. 

facings. 

gold  saved  at  several  plants. 
Seasonal  replenishment  of 
most  stream  bed  deposits. 

(Logan  1950,  pp.  465-466, 
Madera  Co.;  Logan.  Braun, 
and  Vernon  1951,  pp.  .528- 
531,  Fresno  Co.). 

Bakersfield  area.  (South- 

Kern River,  Poso 

Recent  stream 

Granitic  igneous  rocks, 

4 

550,000 

Sand,  gravel,  and 

Seasonal  replenishment  of  some 

ern  San  Joaquin  Valley 

Creek. 

bed,  river  bar, 

quartzitic  meta-sedi- 

$630,000 

crushed  cobble  ag- 

stream bed  deposits. 

in  Kern  County.) 

and  dry  wash 
alluvium. 

ments,  meta-volcan- 
ics,  and  schists  de- 
rived from  the  west- 
ern flank  of  the 
southern  Sierra 
Nevada. 

gregate. 
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Summary  of  sand  and  gravel  producers  of  California. — Continued. 


Main  producing  areas' 


Marketing  area 


Locations  of 
deposits 


Types  of 
deposits 


Type  and  source  of 
rocks  present 


Com- 
mercial 

pro- 
ducers 
active 
(1953)2 


Approximate 
total  annual 

output 

(1953)3 
(short  tons; 

value) 


Main  products* 


Remarks,  references* 


Southern  California 

Ventura  area.  (Coastal 
plain  area  in  Ventura 
County.) 


Los  Angeles  area.  (Popu- 
lous areas  in  San  Fer- 
nando and  San  Gabriel 
Valleys  and  in  the 
Los  Angeles  coastal 
plain,  Los  Angeles 
County.) 


San  Bernardino- Pomona- 
Riverside  area.  (East- 
ern San  Gabriel  and 
San  Bernardino 
Valleys  in  San  Ber- 
nardino and  Riverside 
Counties.) 


Santa  Ana  area.  (South- 
ern Los  Angeles 
coEistal  plain  area  in 
Orange  County.) 


San  Diego  area.  (South- 
ern coastal  area  in 
San  Diego  County.) 


Santa  Clara  and 
Ventura 
Rivers. 


Pacoima,  Little 
Tujunga,  and 
Big  Tujunga 
washes  (San 
Fernando 
Valley  area) ; 
San   Gabriel 
and  Rio  Hondo 
washes  (San 
Gabriel  valley 
area) ;  El  Se- 
gundo  Beach; 
Palos  Verdes 
Hilis,  Palmdale 


Santa  Ana  River 
wash,  Lytle, 
Cucamonga, 
San  Antonio 
and  Temescal 
Canyon 
washes;  Mira- 
loma  fan. 


Santa  Ana  River, 
Santiago 
Creek. 


Sweetwater, 
Otay,  and 
San  Diego 
Rivers,  Mur- 
phy and 
Murray  Can- 
yons. 


Recent  stream 
bed,  river  bar, 
alluvial  plain 
and  terrace 
alluvium. 


Intermittent  Re- 
cent stream, 
dry  wash, 
valley-fill  and 
fan  alluvium; 
dune  sands, 
uplifted  marine 
terrace  de- 
posits. 


Recent  stream 
bed,  inter- 
mittent and 
dry  stream 
washes;  valley 
fill  and  fan 
alluvium. 


Recent  riverbed 
bar,  terrace 
and  flood  plain 
alluvium. 


Recent  stream 
bed,  dry  wash, 
and  river  bar 
alluvium; 
poorly  con- 
solidated Ter- 
tiary sand- 
stone and  con- 
glomerate. 


Granitic,  basaltic,  and 
various  dike  rocks; 
sandstone,  chert, 
shale  and  gneiss  de- 
rived from  the  Trans- 
verse Ranges. 

Various  granitic  rock 
types,  granitoid 
gneiss,  and  mica- 
ceous schists  derived 
from  the  San  Gabriel 
Mountains  (Trans- 
verse Ranges) ; 
quartz-rich  ocean 
beach  sands. 


Various  granitic  in- 
trusive rocks,  granit- 
oid gneiss,  mica 
schist,  and  dike  and 
vein  rocks,  derived 
from  the  San  Gabriel 
and  San  Bernardino 
Mountains  (Trans- 
verse Ranges)  and 
northern  Peninsular 
Ranges. 

Various  granitic  intru- 
sive rocks,  sandstone, 
gneiss,  quartzite, 
basic  dike  rocks,  and 
vein  quartz  derived 
from  the  San  Ber- 
nardino Mountains 
(Transverse  Range) 
and  Santa  Ana 
Mountains  (northern 
Peninsular  Ranges). 

Mainly  andesite,  rhyo- 
lite,  and  quartzite, 
minor  granitic  in- 
trusive rocks,  and 
vein  quartz,  derived 
from  the  south- 
western Peninsular 
Ranges,  and  Eocene 
(Poway)  conglomer- 
ate and  marine  ter- 
race deposits  on  the 
coastal  plain. 


26 


910,D00 
$1,150,000 


20,000.000 
$15,000,000 


3,000,000 
$3,400,000 


10 


3,000,000 
$2,600,000 


20 


3,100,000 
$4,300,000 


Sand,  gravel,  and 
crushed  cobble  ag- 
gregate, fill,  road 
material. 


Sand,  gravel,  crushed 
cobble  aggregate, 
fill,  ballast;  wide 
variety  of  specialty 
sands  and  gravels. 


Sand,  gravel,  crushed 
cobble  aggregate; 
minor  specialty 
products;  fine  aggre- 
gate for  concrete 
blocks. 


Sand,  gravel,  crushed 
cobble,  aggregate, 
fill,  road  surfacing, 
minor  specialty  sands, 


Sand,  gravel,  and 

crushed  cobble  aggre- 
gate, fill,  road  ma- 
terial; various 
specialty  sands. 


Potentially  reactive  siliceous 
Miocene  shale  present  in 
minor  proportions. 

(Tucker  and  Sampson  1932,  pp. 
271-276,  Ventura  Co.). 

Los  Angeles  yields  about  H  oi 
the  state's  total  of  sand  and 
gravel.  San  Fernando  and 
San  Gabriel  Valley  deposits 
quarried  above  water  table 
(maximum  depth  about  2(X) 
feet)  similar  but  more 
weathered,  material  reported 
as  deep  as  1,000  feet.  Zoning 
restrictions  and  encroaching 
housing  limit  available  re- 
serve acreage.  Little  or  no 
seasonal  replenishment.  Little 
or  no  reactive  fragments. 


(Gay  and  Hoffman  1954,  pp. 
534-551,  553-556,  Los  Angeles 
Co.;  Lowe  1949,  pp.  1-9). 

Valley-fill  and  fan  alluvium 
reported  to  be  500  feet  or 
more  deep  in  places.  Little  or 
no  seasonal  replenishment. 
Particle  size  appreciably 
smaller  in  pits  farther  from 
mountains. 

(Wright,  et  al.,  1953,  pp.  190- 
196,  San  Bernardino  Co.). 


Little  or  no  seasonal  replenish- 
ment. Encroachment  of  build- 
ing threatens  reserves. 

(Tucker  1925,  pp.  69-71, 
Orange  Co.). 


Public  works  projects  (dams, 
airfields)  account  for  large 
proportion  of  aggregate  used 
since  1950. 

(Tucker   and    Reed    1939,    pp. 
49-50,  San  Diego  Co.). 


iMany  scattered  deposit3  which  supply  local  requirements  of  relatively  unpopulated  dis- 
tricts are  not  Included.  Deposits  are  located  as  near  as  possible  to  marketing  areas  to 
minimize  transportation  expenses.  Most  material  is  marketed  within  15  miles  of  its 
sources;  material  is  hauled  by  rail  and  truck  as  far  as  40  miles  to  the  San  Francisco 
Bay  consuming  area. 

^  Prom  U.  S.  Bureau  of  Mines  unpublished  list  of  active  commercial  operators. 

3  Mineral  production  for  1953  by  counties  of  California:  California  Division  Mines  Mineral 
Information  Service,  Vol.  8.  No.  1.  January  1955,  pp.  2-4,  10-12. 


*  "Aggregate"  refers  mainly  to  portland  cement  concrete  aggregate  and  asphaltic  concrete 
aggregate,  but  minor  amounts  of  concrete  pipe  and  concrete  block  aggregate  are  com- 
monly included.  For  details  see  text  on  aggregate  and  special  sands. 

^  References  to  many  operations  appear  in  the  periodicals  "Pit  and  Quarry"  and  "Rock 
Products."  Division  of  Mines  reports  referred  to  contain  descriptions  of  Individual 
operations  and  area  summaries  arranged  by  counties.  Many  of  the  data  on  type  and 
source  of  rock  was  obtained  by  personal  communications  from  Harold  B.  Goldman,  of 
the  California  Division  of  Mines  (see  also  Mineral  Information  Service,  December 
1955). 
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Figure  9.  Photo  showing  deposit  of  marine  sandstone  of  Miocene  Santa  Margarita  forma- 
tion, exposed  in  the  Olympia  (Pclton)  pit  of  Pacific  Coast  Aggregates,  Inc.,  Santa  Cruz  County. 
This  type  of  well-bedded,  loosely  consolidated  sandstone  which  contains  very  few  pebbles,  is 
quarried  with  slack  line  cable  draglines,  carryall  scrapers,  or  bulldozers,  as  shown  here. 


Cressey  and  Arundel,  Merced  County;  the  Kings  River 
near  Sanger,  and  the  San  Joaquin  River  between  Hern- 
don  and  Friant,  Fresno  County;  the  Tule  River  near 
Porterville,  Tulare  County;  and  the  Kern  River  near 
Bakersfield,  Kern  County.  Few  stream  deposits  are 
worked  on  the  west  side  of  the  valley,  the  main  ones 
being  along  Orestimba  Creek  near  Newman,  Tuolumne 
County;  and  Bear  Creek,  near  Tuttle,  and  Los  Banos 
Creek  near  Los  Banos,  Merced  County. 

In  southern  California,  dry  wash  deposits  yield  most 
of  the  sand  and  gravel  aggregate  for  the  principal 
consuming  area,  the  Los  Angeles  area.  Little  Tujunga, 
Big  Tujunga,  and  Pacoima  Washes  in  San  Fernando 
Valley,  about  15  miles  northwest  of  Los  Angeles,  and 
San  Gabriel  and  Rio  Hondo  Washes,  in  San  Gabriel 
Valley,  about  15  miles  east  of  Los  Angeles,  are  the 
principal  sources.  Stream-laid  deposits  along  the  lower 
reaches  of  the  Santa  Clara  River  provide  sand  and 
gravel  for  use  in  Ventura,  Oxnard,  and  Santa  Paula, 
Ventura  County.  The  Santa  Ana  River  and  its  tribu- 
taries are  the  principal  sources  of  sand  and  gravel  aggre- 
gate for  San  Bernardino,  San  Bernardino  County; 
Riverside,  Riverside  County;  and  Santa  Ana,  Orange 
County.  The  Sweetwater,  Otay,  and  San  Diego  River 
courses  are  sources  of  sand  and  gravel  consumed  as  ag- 
gregate in  the  vicinity  of  San  Diego,  San  Diego  County. 

Bedded  Tertiary  sandstone  is  quarried  for  use  as 
aggregate  (mostly  concrete  sand)  near  Felton,  Santa 
Cruz  County.  The  sandstone  is  a  loosely  consolidated, 
friable  rock  of  the  Miocene  Santa  Margarita  formation, 
widely  exposed  in  the  area.  The  sandstone  is  quarried 
without  blasting  by  carryalls  and  bulldozers  and  readily 
breaks  down  during  this  handling  to  a  relatively  pure 
sand,  without  crushing.  Most  of  the  output  from  the 
Felton  deposits  is  shipped  by  rail  nearly  100  miles  to 


the  San  Francisco  area,  where  it  is  blended  with  sand- 
deficient  aggregate  obtained  mainly  in  the  East  Bay 
area.  In  the  Palos  Verdes  Hills,  Los  Angeles  County, 
clean,  friable,  bedded  sandstone,  also  of  Miocene  age,  is 
similarly  quarried  and  processed  for  local  use  mainly 
as  concrete  and  plaster  sand. 

Beach  and  dune  deposits  of  sand  occur  along  the  coast 
line,  mainly  south  of  San  Francisco,  but  are  primarily 
sources  of  specialty  sands  rather  than  aggregate.  Minor 
proportions  of  the  beach  and  dune  sand  obtained  in  the 
Monterey  Bay  and  Pacific  Grove  areas,  Monterey  County ; 
the  El  Segundo  area,  Los  Angeles  County;  and  other 


Figure  10.  Photo  showing  deposit  of  gold  difiij;cr  tailings 
which  were  stacked  in  the  early  1900s  along  the  Feather  River 
south  of  Oroville,  Butte  County.  The  tailings  here  are  being  mined 
by  the  Henry  J.  Kaiser  Company.  Very  little  sand  remains  in  the 
tailings,  and  none  is  produced  in  this  operation ;  the  principal 
product  is  crushed  stone  for  railroad  ballast. 
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Figure  11.     Photo  showing  a  large  (li>   ■.•.:    ..[.i:  .1 :  i-::  -■:    »:i-!,   .u.nliini.  i>|ii(:ii  ..r  iniih;,    lai;;.'  ..|,rr,ii  i.-,,~      ,   -   .1    :■  ,  .   .  .ilifornia. 

View  is  northwest  across  the  pit  of  Livingston  Kock  and  (Jravel  Company,  San  Gabriel  Wash,  Los  Angeles  County.   Windrows  of  oversize 
boulders  have  been  discarded  on  pit  floor. 


less  productive  areas  scattered  along  the  coast,  are  used 
for  plaster  and  concrete  sand. 

PRODUCTION   METHODS 

Most  of  the  recent  alluvial  deposits  in  California 
contain  cobbles  too  large  for  use  as  gravel,  so  most  sand 
and  gravel  plants  crush  oversize  gravel  and  cobbles  for 
sale  as  crushed  stone.  The  crushed  stone  output  of  many 


plants  is  nearly  as  large  as  their  output  of  sand  and 
gravel;  an  exact  comparison  of  tonnages  is  impossible 
because  for  many  years  statistics  on  California  aggregate 
production  included  a  single  figure  for  "sand,  gravel, 
and  crushed  rock."  Because  sand,  gravel,  and  crushed 
stone  are  produced  largely  in  the  same  plants,  produc- 
tion methods  for  both  types  of  aggregate  are  included  in 
this  section.  Other  aspects  of  crushed  stone  are  discussed 
in  the  section  on  crushed  and  broken  stone. 


FlotiRF,  12.  Photo  sho\iiim  -ihiimh  dredge  of  Yuba  Sand  Com- 
pany, which  recovers  sand  .ind  line  fjruvel  from  the  bed  of  the  Yuba 
River  near  Marysville,  Yuba  County.  When  lowered  to  the  river 
bed,  the  rotating  head  on  the  suction  pipe  boom  (left  of  dredger) 
loosens  sand  and  gravel,  which  is  raised  by  pumps  aboard  the 
dredger  and  forced  in  water  suspension  through  the  floating  pipe- 
line ashore  for  processing. 


Figure  13.  Photo  showing  the  quarrying  of  river  wash  mate- 
rials by  power  shovel  and  bottom-dump  trucl<,  in  pit  of  Livingston 
RocIj  and  Gravel  Company,  San  Gabriel  Wash,  Los  Angeles  County 
(see  fig.  7).  River  wash  is  poorly  sorted  and  poorly  bedded.  Truck 
hauls  material  about  half  a  mile  to  hopper  at  plant  on  rim  of  pit. 


I 
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FiGim;  14.  Photo  showing  the  (inarryiii;;  nf  river  wmsIi  m.-itcrial  l)y  dnigliiK'  scnriticr,  power  simvcl,  and  conveyor  belt,  at  Largo  plant 
of  Consolidated  Rock  Products  Company,  in  San  Gabriel  Wash,  Los  Angeles  County.  Heavy  metal  mass  dragged  up  and  down  130-foot 
bank  by  dragline  on  upper  level  loosens  material,  controlling  slope  of  pit  and  providing  loose  material  for  shovel  to  excavate.  Sectional  con- 
veyor belt  system,  with  jaw  crusher  installation  near  center  of  view,  is  moved  periodically  to  follow  progress  of  excavation.  Oversize  boulders 
are  discarded  on  pit  floor.  Bench  at  right  is  remnant  of  former  quarrying  system,  before  scarifier  was  designed.  Conveyor  system  is  nearly 
half  a  mile  long. 


Sand  and  gravel  operations  involve  (1)  quarrying 
raw  material,  (2)  transporting  it  to  the  processing 
plant,  (3)  separating  it  into  desired  sizes,  (4)  washing 
out  excessive  fine  material,  (5)  removing  detrimental 
materials,  and  (6)  stacking  or  binning  it  for  sale.  The 
parallel  operation  of  producing  crushed  stone  starts  at 
the  first  screening,  after  which  oversize  is  crushed, 
screened  into  desired  sizes,  and  stored  for  sale.  Nearly 
all  sand  and  gravel  is  washed,  but  most  crushed  stone  is 
processed  and  sold  dry. 

Haulage  to  the  plant,  rarely  more  than  half  a  mile,  is 
commonly  by  dump  truck  or  by  belt  conveyor;  seldom 
by  rail.  At  most  plants  raw  material  is  delivered  to  surge 
piles,  to  be  processed  when  desired. 

In  the  plant  all  material  is  first  separated  on  a  coarse 
scalping  screen,  into  sand  and  gravel  (top  size  ordinarily 
about  1-2  inches),  and  oversize,  to  be  crushed.  Mechanical 
vibrating  screens  of  one,  two,  or  three  decks  are  used 


Truck  haulage  rates  for  common  rock  products 

* 

Haul 

Cost 

Haul 

Cost 

Haul 

Cost 

(miles) 

(cents 

(miles) 

(cents 

(miles) 

(cents 

per  ton) 

per  ton) 

0-  1 

22 

14-16 

95 

60-  65 

261 

1-  2 

27 

16-18 

103 

65-  70 

279 

2-  3 

34 

18-20 

110 

70-  75 

293 

3-  4 

39 

20-23 

119 

75-  80 

314 

4-  n 

44 

23-26 

128 

80-  85 

332 

5-  6 

49 

26-30 

138 

85-  90 

350 

6-  7 

56 

30-35 

155 

90-  95 

368 

7-  8 

61 

35-40 

173 

93-100 

384 

8-  9 

66 

40-^5 

191 

100 -f 

add  18  cents 

9-10 

71 

45-50 

208 

for  each  5 

10-12 

80 

50-55 

226 

miles  or 

12-14 

87 

55-60 

244 

fraction. 

throughout  nearly  all  plants;  trommel  screens  are  used 
for  scalping  at  a  few  small  plants. 

The  sand  and  gravel  is  further  classified  on  successive 
screens  into  various  size  groupings.  Excessive  fines  are 
washed  out  by  streams  of  water  directed  against  the 
screens  and  by  log,  rake,  and  spiral  types  of  sand  wash- 
ing and  classifying  machines.  Approximately  ten  gallons 
of  wash  water  per  minute  is  required  for  each  ton  of 
material  produced  per  hour,  or  600  gallons 'per  ton 
(Walker  1954,  p.  170).  Washed  aggregate  is  commonly 
piled  to  drain  dry  before  removal  to  bins  for  sale. 

Some  sand  and  gravel  deposits  otherwise  satisfactory 
for  aggregate  use  contain  harmful  proportions  of  detri- 
mental substances  such  as  clay,  unsound  shale  frag- 
ments, or  reactive  materials.  If  demand  is  sufficient  to 


'  Rate  for  dump  truck  delivery  of  sand,  gravel,  and  crushed  rock;  minimum  load  is  8 
tons.  Cost  includes  loading,  hauling  and  dumping  charges.  (From  California  Public 
effective  January  10,  1951,  between  points  in  southern  California.) 


Figure  15.  Photo  showinj;  the  quarrying  cjf  river  flood-plain 
material  (Pleistocene  Victor  formation)  from  beneath  water  level 
by  dragline  and  bottom-dump  truck,  at  pit  of  Perkins  Gravel  Com- 
pany, Sacramento  County.  Truck  hauls  about  a  mile  to  plant. 
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Figure  16.  Photo  showing  the  quarrying  of  river  flood-plain  deposits  in  Arroyo  Valle,  Liver- 
more  Valley,  Alameda  County,  at  the  Radum  plant  of  the  Henry  J.  Kaiser  Company.  Monighan 
dragline  (left)  with  10  cubic  yard  bucket  excavates  material  from  as  deep  as  30  feet  below 
water,  and  unloads  into  floating  hopper  (center)  for  mile-long  haul  by  conveyor  belt  to  plant. 
Crawler  dragline  (upper  center),  with  5  cubic  yard  bucket,  excavates  bank  material  down  to 
level  on  which  Monighan  operates.  Photo  courtesy  of  Henry  J.  Kaiser  Company. 


■warrant  the  expense  involved,  material  from  such  de- 
posits may  be  beneficiated,  or  processed  to  reduce  the 
detrimental  components  to  an  acceptable  level.  Methods 
or  processes  commonly  used  to  beneficiate  aggregate 
include  heavy-media  separation,  flotation,  selective 
crushing,  and  intensive  scrubbing  and  v^ashing. 

Throughout  most  of  California  aggregate  may  be 
readily  obtained  from  deposits  that  need  no  beneficiation 
other  than  a  certain  amount  of  washing  to  remove  excess 


clay  and  fine  material.  A  notable  example  of  successful 
aggregate-beneficiation  is  seen  at  Black  Point,  Marin 
County,  where  acceptable  aggregate  has  been  produced 
since  1954  from  the  Cretaceous  ( ? )  Novate  marine  con- 
glomerate. Soft  cobbles  and  the  soft  weathered  outer 
portions  of  other  cobbles  are  removed  by  a  process  of 
selective  crushing  and  washing.  Excess  clay  is  freed  and 
removed  in  attrition  machines,  wet  cyclones,  and  spiral 
classifiers    (Ver  Planck  1955,   pp.   239-242).   Specialty 


FlOtJEE  17.  Photo  showing  excavation  of  river  bed  gravel  by  doodlebuR  dredging  unit  with 
dragline  excavator,  at  Madison  Sand  and  Gravel  Company  operation  on  Cache  Creek,  Yolo 
County.  Washing  unit,  afloat  in  excavation,  separates  and  stacks  material  up  to  6  inches  diam- 
eter (left)  for  use  at  Monticello  Dam;  material  finer  than  |-inch  is  returned  to  the  pond.  Photo 
courtesy  V.  8.  Bureau  of  Reclamation. 
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sand  plants  in  California  commonly  beneficiate  sand  to 
remove  clay,  iron  stains  and  iron-bearing  minerals  be- 
fore the  sand  can  be  used  for  glass-making.  Attrition, 
flotation,  wet  cyclones,  tabling,  and  magnetic  separation 
processes  are  in  use  in  various  specialty  sand  plants  in 
the  state  (see  section  on  specialty  sands). 

In  the  crushed  stone  section  of  most  plants,  jaw 
crushers  are  used  for  primary  crushers,  and  cone,  gyra- 
tory, and  roll  crushers  for  secondary  crushers.  The 
crushed  stone  is  screened  in  the  same  way  as  the  sand 
and  gravel  except  wash  water  is  rarely  used.  Where  the 
natural  material  is  deficierrt  in  sand  as  in  the  Niles- 
Pleasanton  area,  rod  mills  may  be  used  to  reduce  larger 
fragments  to  sand. 

Transportation  throughout  most  plants  is  by  belt  con- 
veyors, bucket  elevators,  and  gravity.  Traveling  cranes 
with  clam-shell  buckets  are  in  common  vise  in  storage 
yards  to  load  bins  or  trucks. 

Sand  and  gravel  plants  in  California  range  from 
large,  integrated  operations,  capable  of  sustained  pro- 
duction of  as  much  as  1,000  tons  per  hour,  to  small,  inter- 
mittent operations  that  produce  a  few  tons  whenever 
necessarj-.  Consumer  demand,  capitalization,  and  dis- 
tance from  market  as  well  as  the  size  and  nature  of  the 
deposit  determine  the  size  of  sand  and  gravel  plants. 
Most  of  the  larger  plants  are  completely  mechanized,  and 
some  produce  as  many  as  15  sizes  of  aggregate.  Small 
operations  are  less  flexible  and  the  simplest  produce  only 
untreated  pit-run  material.  Several  of  the  plants  that 
operate  in  stream-deposited  gravels  extract  gold  from 
the  aggregate  during  washing.  The  largest  of  these  are  at 
Azusa  in  Los  Angeles  County,  and  Fair  Oaks  in  Sacra- 
mento County. 

PRICES,  COSTS,  AND   MARKETS 

Aggregate  producers  are  divisible  into  two  main 
classes:  (1)  commercial  producers,  who  have  permanent 
plants  and  sell  on  the  open  wholesale  and  retail  market ; 
and  (2)  government  and  contractor  producers,  who 
accept  contracts  to  provide  aggregate  for  particular 
large-scale  government  projects,  such  as  dams,  and  oper- 
ate plants  only  to  fulfill  their  contracts.  In  1953,  com- 
mercial producers  in  California  sold  43,849,690  tons  of 
sand  and  gravel  aggregate,  valued  at  $44,602,421,  while 
government  and  contractor  producers  sold  14,579,838 
tons  valued  at  $8,621,782  for  use  on  public  projects  (Otis 
and  Shupp  1956,  p.  8).  Price,  cost,  and  marketing  data 
in  this  section  apply  primarily  to  commercial  operations. 

Sand  and  gravel  for  aggregate  is  by  nature  a  large- 
tonnage  commodity  of  low  unit  cost.  The  national 
average  price  to  eon.sumers  for  commercially  produced 
washed,  screened,  and  otherwise  prepared  sand  and 
gravel  was  $1.04  per  ton  in  1953,  compared  with  75  cents 
per  ton  for  unprepared  bank-run  material  (Otis  and 
Slnipp  1955,  p.  2).  In  California,  commercial  prepared 
sand  and  gravel  ranged  in  value  from  about  $1.00  to 
about  $1.80  per  ton,  f.o.b.  plant,  in  the  main  producing 
areas  in  1955. 

Differences  in  the  selling  prices  for  different  types  of 
aggregate  in  general  reflect  the  relation  between  supply 
and  demand  for  particular  types  of  aggregate,  rather 
than  differences  in  production  costs  for  different  prod- 
ucts. In  1955  the  size  distribution  of  the  raw  material 
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supplied  in  the  Los  Angeles  area  was  nearly  compatible 
with  the  current  demand.  A  shortage  of  finer  sizes  ex- 
isted in  the  San  Francisco  and  Sacramento  areas.  The 
proportion  of  fine  material  may  be  augmented  by  grind- 
ing larger  particles,  but  the  reverse  problem  is  harder 
to  overcome.  Demand  for  certain  types  of  aggregate  is 
affected  by  changes  in  engineering  techniques  and  speci- 
fications. For  example,  crushed  particles  were  formerly 
preferred  to  rounded  particles  for  portland  cement  con- 
crete aggregate,  and  a  surplus  of  gravel  resulted.  Later 
reversal  of  this  specification  resulted  in  a  surplus  of 
crushed  stone.  More  recently,  the  greatly  expanded  use 
of  asphaltic  concrete  has  increased  the  demand  for 
crushed  stone,  and  tended  to  equalize  the  demand  for 
crushed  and  uncrushed  aggregate. 

Prices  quoted  are  f.o.b.  plants  because  rates  for  de- 
livery to  consumers  are  set  by  the  State  of  California 
Public  Utilities  Commission,  and  are  standard  through- 
out wide  areas.  In  southern  California  most  aggregate 
is  delivered  by  dump  truck,  and  i-ates  per  ton  delivered 
are  set  for  three  optional  bases  of  hauling:  (1)  per  mile 
of  haul;  (2)  on  zonal  basis,  from  designated  producing 
to  designated  consuming  zones;  or  (3)  on  an  hourly 
basis  for  haulage  time  consumed.  In  northern  and  cen- 
tral California  railroad  haulage  is  more  used  than  in 
southern  California.  Rail  rates  are  published  for  point- 
to-point  haul  from  plant  to  delivery  yards,  whence 
trucks  haul  to  the  job.  In  recent  years  truck  haulage 
directly  from  the  plants  has  increased  at  the  expense  of 
rail  haulage,  largely  because  of  the  convenience  of  one- 
stop  to-the-job  delivery,  as  well  as  increased  railroad 
haulage  rates. 


Prices  of  sand,  gravel,  crushed  rock  in  Los 

Angeles  area* 

F.o.b. 

price 

(per  short  ton) 

Product 

San  Gabriel 
Valley  plants 

San  Fernando 
Valley  plants 

1.20 
1.25 
1.15 

1.20 
1.30 
1.60 
1..50 
1.50 

1.30 
1  .30 
1.45 
1.10 
1.30 
1..50 
1.10 

1.60 

1.60 

1.60 

1.55 

1.60 

No.  3  gravel 

No.  4  gravel 

1.80 
l.'-O 
1.80 

Rock  dust                                                         .    . 

1.60 

i.ei 

No.  1  crushed  rock 

No.  2  crushed  rock 

1.75 
1.45 
1.60 

No.  4  crushed  rock  _                  -   .   _ 

1.80 

1.60 

*  Retail  list  prices  (f.o.b.  plants)  In  1955  of  main  products  sold  by  one  of  the  large 
producers  of  sand,  gravel,  and  crushed  rock,  in  the  Los  Angeles  area.  Trucking  costs 
must  be  added  to  obtain  delivered  prices. 

As  the  costs  of  producing  sand  and  gravel  aggregate 
differ  markedly  from  plant  to  plant  and  from  district  to 
district  within  California,  generalized  cost  estimates  on 
a  state-wide,  or  even  di.strict-wide  basis,  are  difficult  to 
arrive  at  and  not  particularly  meaningful.  Total  produc- 
tion costs  per  ton  of  aggregate  are  low  enough  that  even 
slight  differences  in  operating  costs  of  competitive  plants 
mav  determine  their  commercial  success  or  failure. 
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Figure  20.  Aerial  photo  of  parts  of  the  San  Gabriel  and  Rio  Hondo  Washes,  San  Cnlnicl  Valley,  Los  An^clis  ('Duiit.v.  showing  the  most 
productive  sand  and  gravel  deposits  in  California.  See  fig.  21  for  identification  of  features  shown.  Photo  hy  I'ncific  Air  Industries,  Long 
lieach,  1952. 


Variable  factors  in  establishing  costs  include:  (1) 
scale  of  operation;  (2)  location  (availability  of  power, 
water,  and  labor;  length  of  haul  from  pit;  accessibility 
to  market)  ;  (3)  nature  of  raw  material  (relative  abun- 
dance of  various  usable  sizes;  proportions  of  fine  and 
oversize  materials;  quality  of  stone;  consolidation  or 
cementation  of  deposit ;  position  of  water  table ;  possible 
seasonal  replenishment;  depth  of  overburden);  (4) 
nature  of  operation  (type,  size,  and  general  condition  of 


mining,  hauling,  crushing,  screening,  washing,  convey- 
ing, drying,  stockpiling,  loading,  and  delivering  equip- 
ment) ;  (5)  miscellaneous  factors  (royalties  to  owners; 
taxes,  depletion  of  reserves;  civic  regulations  as  to  zon- 
ing, hauling,  dust,  noise,  and  safety  devices  such  as  high 
fences  and  slope-control  equipment). 

For  example,  a  large  completely  mechanized  plant  can 
produce  1,000  tons  of  washed  and  crushed  products  per 
hour  at  a  lower  cost  per  ton  than  a  100-ton-per-hour 
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I. 
2. 
3. 

4. 
*5. 

♦6. 
7. 

8. 

9. 

10. 

II. 


OPERATIONS  SHOWN 

Arrow  Rock  Co.,Duarte  plant 

Sparks  and  Mundo  Eng.  Co. 

Blue  Diamond  Corp., 

Santa  Fe  plant 

Owl  Rock  Products  Co. 

Blue  Diamond  Corp., 

Pierson  pit 

Blue  Diamond  Corp., 

Peck   Road  pit 

Consolidated  Rock  Products 

Co.,  Sierra   Plant 

Sierra  Rock  Products  Co. 

Pacific  Rock  8  Gravel  Co. 

Grotiam  Brothers  Inc. 

Century  Rock  Prod,  (developed 

since  photo  was  token) 

Abandoned;  being  filled. 

Processing  plant 


N 


^ondo  Flood  Control 


Figure  21.     Sketch  to  identify  features  sliown  on  aerial  view  of  San  Gabriel  Valley  sand  and  gravel  district  (see  fig.  20). 


plant  producing  the  same  products  in  the  same  area.  In 
1955  a  small  portable  plant  could  produce  under  opti- 
mum conditions,  uncru.shed  unwashed  bank-run  material 
for  as  little  as  40  cents  per  ton,  appreciably  less  than 
either  permanent  plant  above.  The  cost  of  the  large  ton- 
nages of  aggregate  supplied  by  contractors  to  specific 
projects  such  as  dams  was  in  the  range  50  to  75  percent 
of  the  listed  retail  prices. 

Zoning  restrictions  are  an  increasingly  difficult  prob- 
lem for  aggregate  producers  in  urban  areas  such  as  the 


San  Gabriel  and  San  Fernando  Valleys  near  Los  An- 
geles. Although  large  volumes  of  sand  and  gravel  exist 
adjacent  to  active  pits  in  those  areas,  dwellings,  public 
and  industrial  buildings,  and  roads  are  so  rapidly  cover- 
ing the  areas  that  most  of  the  material  that  would  other- 
wise be  considered  as  reserves  was  unavailable  to  quarry- 
ing in  1955.  When  present  pits  are  exhausted  to  practical 
depths  and  limits,  producers  will  be  forced  to  seek  new 
sources,  mostly  in  outlying  districts,  and  the  cost  of  ag- 
gregate to  consumers  will  correspondingly  increase. 
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Figure  22.     Phcii  >  -hn:,-,     :  -  i-    -     i:    !>  :  ■;     i     i-      :_   ■   ~,i  :mI  and  gravel  plants  ill     n    i:,  ml  California  area,  the  Pacific  Coast 

Aggregates,  Inc.,  Eliot  plant  104  near  Pleasantou,  Alameda  County.  Raw  material  is  obtained  from  river  flood-plain  deposits  of  Arroyo  Valle, 
in  Livermore  Valley.  Photo  bp  Mart  D.  Turner. 


Figure  23.     Photo  showing  the  Irwindale  plant  of  Consolidated  Rock  Products  Company,  in  Los  Angeles  County.  This  is  one  of  the  largest 
sand  and  gravel  plants  in  the  southern  California  area.  Raw  material  is  obtained  from  deposits  in  San  Gabriel  Wash. 


Figure  24.  Photo  showing  the  Santa  Fe  plant  of  Blue  Diamond  Corporation,  in  San  Gabriel 
Wash,  Los  Angeles  County.  This  is  one  of  the  most  compact  of  the  large  sand  and  gravel  plants 
in  California.  Raw  material  arrives  by  belt  conveyor  (lower  left)  and,  after  being  processed  in 
the  upper  decks  of  the  structure,  is  stored  in  metal  bins  beneath  for  gravity  loading  of  trucks. 
Reserve  finished  materials  are  stacked  by  belt  conveyor  (center  left) ,  for  future  sale. 
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FiGUEE  25.  Photo  showiug  one  of  many  medium-sized  sand  and  gravel  operations,  such  as 
provide  aggregate  for  scores  of  smaller  cities  and  towns  in  California.  The  plant  shown  is  that 
of  the  Madison  Sand  and  Gravel  Company,  which  processes  streambed  material  from  Cache 
Creek  near  Madison,  Yolo  County.  Photo  courtesy  V.  S.  Bureau  of  Reclamation. 


The  principal  markets  for  most  commercial  producers 
of  aggregate  generally  are  within  areas  of  greatest  popu- 
lation density.  Tremendous  tonnages  of  concrete  are  also 
used  in  highway  projects,  dams,  and  canals  scattered 
throughout  much  of  the  state.  Contractors  commonly 
establish  temporary  aggregate  processing  plants  at 
nearby  deposits  for  the  duration  of  such  projects. 

The  present  economic  limit  to  the  distance  sand  and 
gravel  can  be  hauled  for  use  as  aggregate  differs  in 
different  parts  of  the  state.  In  the  Los  Angeles  area  ag- 
gregate is  rarely  hauled  farther  than  20  miles;  in  the 
San  Francisco  area  the  nearest  sources  are  about  40  miles 
from  the  main  consuming  centers;  most  smaller  centers 
of  aggregate  consumption  in  the  state  obtain  aggregate 
from  sources  less  than  25  miles  distant.  If  suitable  aggre- 
gate is  not  available  near  a  new  market,  the  user  may  pay 
the  high  haulage  costs  from  distant  sources,  or  accept 
inferior  aggregate  from  closer  deposits. 

Little  aggregate  is  sent  out  of  the  state  except  from 
a  few  producers  near  the  state 's  borders;  As  long  as  the 
present  high  construction  rate  continues,  the  commercial 


sand  and  gravel  aggregate  industry  seems  assured  of 
strong  markets.  Completion  of  planned  projects  by  such 
agencies  as  U.  S.  Army  Corps  of  Engineers,  U.  S.  Bureau 
of  Reclamation,  and  California  Division  of  Highways 
should  continue  to  provide  a  large  market  for  govern- 
ment and  contractor  aggregate  producers. 

RAILROAD   BALLAST 

More  than  90  percent  of  the  ballast  produced  and 
used  in  California  is  crushed  stone  rather  than  sand  and 
gravel,  because  the  interlocking  of  angular  fragments 
produces  a  greater  stability.  A  large  proportion  of  sand 
gives  added  stability  to  ballast  composed  of  uncrushed 
gravel  (see  discussion  of  ballast  in  section  on  crushed 
and  broken  stone. ) 

Railroads  purchase  less  than  1  percent  of  the  sand 
and  gravel  produced  in  California  for  use  in  ballast 
and  fill.  Most  of  the  railroad  companies  operate  their  own 
ballast  pits,  for  which  production  figures  are  unavailable. 
Several  of  the  larger  commercial  gravel  pits  in  various 
parts  of  the  state  are  equipped  with  rail  loading  facilities 


Figure  26.  Photo  showing  the  Seaside  Beach  plant  of  the  Monterey  Sand  Company,  on  Monterey  Kay,  Monterey  Coniiix.  'I'liis  plant 
processes  aggregate  sand  from  the  adjacent  beach  deposit.  Sand  is  obtained  from  below  and  above  the  sea  level  by  slacl<line  cal)Ie  dragline 
scrapers. 
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Figure  27.  Photo  showing  a  small  portable  plant  such  as  is  commouly  used  by  contractors 
to  obtain  sand  and  gravel  from  local  sources  for  projects  in  outlying  districts.  This  plant  is 
producing  road-base  materials  for  use  on  the  Monticello  Dam  project,  Napa  County.  Photo 
courtesy  V.  S.  Bureau  of  Reclamation. 


and  sell  the  coarser  grades  of  material  processed  for  use 
as  aggregate.  In  1952,  railroads  purchased  181,257  tons 
of  gravel,  valued  at  $121,851;  and  1,440  tons  of  sand 
valued  at  $792,  in  California,  for  use  as  ballast  (Otis 
and  Jensen,  1955,  pp.  6,  8). 

FILL 

Undetermined,  but  very  large,  tonnages  of  sand  and 
gravel,  as  well  as  other  types  of  rock  and  earth,  are  used 
without  binder  for  various  types  of  fill.  The  procurement 
of  fill  involves  mainly  availability  and  economy  of  re- 
covery. Although  quality  specifications  are  virtually  non- 
existent, excessive  organic  material  is  not  desirable. 
Waste  material  from  nearby  excavations  commonly  is 
used  except  where  requirements  of  especially  good  drain- 
age necessitate  the  use  of  permeable  material  such  as 
sand  and  gravel.  When  used  as  fill,  sand  and  gravel  is 
ordinarily  of  bank-run  quality,  trucked  directly  from 
the  excavation  to  the  site  of  use  without  processing. 
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Figure  28.  I'hoto  sliowinj;  the  production  of  aggresate  from  streambed  deposit,  at  operation 
of  Joe  Chevreaux,  contractor,  on  Bear  River,  near  Colfax,  Placer  County.  Hydraulic  mining  for 
gold  in  the  180()s  caused  an  unusually  large  quantity  of  quartz-rich  Tertiary  stream  gravel  to 
be  washed  from  upstream  tributary  gulches  into  Bear  River,  and  provided  a  source  of  high- 
quality  aggregate  sand  and  gravel. 
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SHALE,  EXPANSIBLE 

Ky  p..  II.  Roc-.KRS  AND  Charles  W.  Chesterma>' 


Although  the  heating  of  elaystone  and  shale  to  pro- 
duce expanded  shale  lightweight  aggregate  has  been 
practiced  in  the  United  States  since  1913,  the  large- 
tonnage  production  of  such  material  in  California  has 
developed  only  since  1945.  In  1956,  five  plants  in  Cali- 
fornia were  producing  expanded  or  burned  shale  aggre- 
gate. Expanded  and  burned  shale  are  used  in  many 
concrete  products  including  a  variety  of  prefabricated 
units  such  as  wall,  floor,  and  ceiling  slabs,  structural 
beams  and  pillars,  and  masonry  blocks,  and  structures 
made  from  concrete  poured  in  situ. 

Terminology  and  General  Geology.  Shale  is  commonly 
defined  as  a  moderatelj^  indurated,  laminated  or  fissile 
sedimentary  rock  composed  mostly  of  mineral  particles 
in  the  size  range  of  clay  or  silt.  When  used  with  refer- 
ence to  raw  material  for  the  production  of  lightweight 
aggregate,  however,  the  phrase  "expansible  shale"  or- 
dinarily embraces  virtually  any  fine-grained  sedimentary 
or  metasedimentary  rock  that  expands  when  heated 
under  suitable  conditions.  Classed  as  expansible  shale  in 
an  industrial  sense,  therefore,  is  much  massive  material 
that  ordinarily  would  be  identified  as  elaystone  or  silt- 
stone  as  well  as  some  occurrences  of  the  metamorphic 
rock  slate.  In  the  discussion  to  follow,  the  term  "shale" 
will  refer  to  the  general  group  of  fine-grained,  clay-rich 
sedimentary  rocks. 

Most  of  the  shale  in  California  is  in  sedimentary 
formations  that  were  deposited  in  the  Jurassic  to  Recent 
time  interval.  The  pre-Jurassic  fine-grained  sedimentary 
rocks  generally  have  been  metamorphosed  to  argillite. 
slate  or  phyllite.  As  the  Mesozoic  and  Cenozoic  seas  of 
California  were  confined  mostly  to  the  area  west  of  the 
Sierra  Nevada,  and  west  of  the  Mojave  and  Colorado 
Deserts,  shale-bearing  formations  are  most  abundantly 
exposed  in  the  Coast  Ranges,  the  western  part  of  the 
Transverse  Ranges,  and  the  western  slopes  of  the  Pen- 
insular Range. 

Reconnaissance  sampling  and  testing  of  shale  deposits 
by  the  California  Division  of  Mines  indicates  that  de- 
posits of  expansible  shale,  potentially  su^itable  for  indus- 
trial use,  occur  mostly  in  marine  sedimentary  formations 
of  Jurassic,  Cretaceous,  Eocene,  and  Pliocene  ages.  Most 
of  the  shale  in  these  formations  will  expand.  Shale  of 
Miocene  age  is  abundant  but  ordinarily  is  too  siliceous 
to  permit  a  suitable  expansion.  The  Quaternary  sedimen- 
tary units  of  California  generally  consist  of  coarser  non- 
expansible  detritus. 

The  commercial  value  of  any  single  deposit  can  be 
determined  only  by  (1)  a  very  thorough  testing  of  both 
the  shale  and  the  concrete  made  from  it,  and  (2)  con- 
siderations of  accessibility,  distance  from  markets,  and 
ease  of  mining. 

In  northern  California  most  of  the  expansible  shale  of 
potential  commercial  interest  appears  to  be  confined  to 
formations  of  Jurassic  and  Cretaceous  ages.  It  is  espe- 
cially abundant  in  the  Knoxville  and  Horsetown  forma- 
tions, of  Upper  Jurassic-Lower  Cretaceous  age,  which 
are  exposed  in  a  north-trending  belt  about  150  miles 
long  and  as  much  as  20  miles  wide.  This  belt  extends 


from  Redding  to  San  Francisco  along  the  west  side  of 
the  Sacramento  Valley.  The  shale-bearing  units  are 
thousands  of  feet  thick,  and  mineable  bodies  many  hun- 
dreds of  feet  thick  and  thousands  of  feet  in  exposed 
length  occur  in  the  area  between  Paskenta  and  Wilbur 
Springs  and  in  the  area  northeast  of  Napa. 

Shale  of  Lower  Cretaceous  age  also  is  abundant  along 
the  south  and  east  flanks  of  Mount  Diablo,  Contra  Costa 
County,  and  bodies  hundreds  of  feet  thick  are  common 
in  the  area  south  of  Clayton.  In  the  Diablo  Range,  along 
the  east  side  of  the  Santa  Clara  Valley,  shaly  units  of 
Upper  Jurassic-Lower  Cretaceous  age  form  belts  as 
much  as  4  miles  wide  and  10  miles  long.  Altliough  the 
shale  is  interlayered  with  sandstone,  mineable  shale 
bodies  are  as  much  as  1,000  feet  thick  and  half  a  mile  in 
exposed  length.  In  the  San  Jose  region  of  Santa  Clara 
County,  shale  interbedded  with  sandstone  occurs  in  the 
Knoxville  formation  of  Upper  Jurassic  age  and  the 
Berryessa  formation  of  Lower  Cretaceous  age.  Here,  it 
forms  bodies  as  much  as  100  feet  thick. 

In  many  places  in  central  and  northern  California, 
the  Ijower  Cretaceous  formations  are  overlain  by  Upper 
Cretaceous  beds  that  also  are  shale-bearing.  The  Upper 
Cretaceous  shale,  however,  is  commonly  interbedded  with 
sandstone  so  that  the  .shale  bodies  are  generally  less  than 
10  feet  thick  and  would  be  difficult  to  mine.  In  southern 
Napa  County,  north  of  Vallejo,  however,  an  Upper  Cre- 
taceous shale  body,  about  70  feet  thick,  is  mined  by  the 
Basalt  Rock  Company. 

The  Franciscan  formation  of  probable  Jurassic  or 
Lower  Cretaceous  age  also  contains  expansible  shale,  but 
this  is  commonly  interbedded  with  sandstone.  The  Fran- 
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Figure  1.     Map  of  California  showing  location  of  expanded  shale 
and  l)nrned  shale  operations. 
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ITlGURE  2.  Unfired  and  expanded  .shale.  I'pper  risiht,  interior  of 
typical  expanded  shale  fragment  t'pper  left,  unfired  shale  fragment. 
Actual  size. 


ciscan  formation  is  the  source  of  the  raw  material  ex- 
panded by  the  MeNear  Brick  Company  at  McNear  Point 
in  Marin  County.  Here  the  shale  is  removed  from  a  body 
about  150  feet  thick. 

In  southern  California,  expansible  shale  occurs  in  de- 
posits of  Cretaceous,  Eocene,  Miocene,  and  Pliocene  ages, 
especially  the  Espada  formation  of  Lower  Cretaceous 
age,  the  Holtz  shale  members  of  the  Ladd  formation  of 
Upper  Cretaceous  age,  the  Cozj^  Dell,  and  the  Rose  Can- 
yon member  of  the  La  Jolla  formation  both  of  Eocene 
age ;  the  Sycamore  Canyon  member  of  the  Puente  forma- 
tion, the  Lockwood  clay  and  the  Capistrano  shale,  all  of 
Miocene  age;  and  the  Pico  formation  of  Pliocene  age. 

The  Espada  formation  occurs  in  belts  as  much  as  3 
miles  long  on  the  north  side  of  the  Santa  Ynez  Moun- 
tains between  Buellton  and  Santa  Barbara,  in  Santa 
Barbara  County.  Here  shale  is  interbedded  with  sand- 
stone, but  the  sandstone  layers  are  thin  and  sparse  and 
individual  bodies  of  shale  are  100  feet  thick  or  more. 


FiGfKE  3.      Has^ili     Itock    Cc.inp.iii.v    expniKU'd    sli;ilc    phiiit.    X.-ipa 
Junction,  Napa  County.  I'hoto  courtesy  of  Ilasalt  Hock  Company. 


The  Cozy  Dell  formation  is  extensively  exposed  in  a 
wide  belt  of  Eocene  rocks  that  underlies  much  of  the 
Santa  Ynez  Mountains  from  Point  Conception  eastward 
for  about  70  miles  in  both  Santa  Barbara  and  Ventura 
Counties.  The  shale  of  the  Cozy  Dell  formation  is  inter- 
bedded with  sandstone  but  mineable  bodies  hundreds  of 
feet  thick  are  common  and  were  noted  in  both  the  Ojai 
and  Santa  Barbara  areas. 

The  Chico  formation  forms  a  large  part  of  the  Simi 
Hills,  which  lie  west  of  Chatsworth  in  Los  Angeles  and 
Ventura  Counties.  Here  this  formation  consists  mostly  of 
sandstone  and  conglomerate,  but  a  body  of  shale  about 
150  feet  thick  and  as  much  as  2  miles  in  exposed  length 
lies  near  the  crest  of  Santa  Susana  Pass. 

Large  areas  north  of  the  Santa  Clara  Valley  in  Ven- 
tura County,  are  underlain  by  the  Pico  formation, 
especially  the  Mud-pit  member,  which  here  contains  a 
high  portion  of  shale.  Large  bodies  of  shale  are  common 
within  this  region.  One  of  these,  which  is  at  least  200 
feet  thick,  is  quarried  by  the  Rocklite  Company  near  the 
city  of  Ventura. 

Exposures  of  the  Lockwood  clay  lie  in  an  area  of  about 
4  square  miles  near  Frazier  Park  in  the  northeastern 
part  of  Ventura  County.  This  shale  is  mined  and  ex- 
panded by  Ridgelite  Products  Company,  and  is  at  least 
120  feet  thick  in  the  quarry. 

The  Sycamore  Canyon  member  of  the  Puente  forma- 
tion outcrops  extensively  in  the  Chino  Hills  between 
Puente  and  the  Prado  Dam.  In  this  member  shale  is 
interbedded  with  sandstone,  but  bodies  of  shale  300  or 
more  feet  thick  and  many  hundreds  of  feet  in  exposed 
length  occur  north  and  west  of  Prado  Dam. 

The  Holtz  shale  member  of  the  Ladd  formation  out- 
crops in  belts  as  much  as  one  mile  long  on  the  south- 
western slopes  of  the  Santa  Ana  Mountains.  In  this  area 
the  shale  is  interbedded  with  inch-thick  sandstone  and 
minor  limestone  layers.  A  shale  body  as  much  as  1,000 
feet  thick  and  of  possible  commercial  interest  was  ob- 
served in  Silverado  Canyon,  Orange  County. 

The  Capistrano  formation  underlies  an  area  of  40  to 
60  square  miles  near  San  Juan  Capistrano,  Orange 
County,  and  contains  bodies  of  shale  that  are  hundreds 
of  feet  thick.  Exposures  of  shale-bearing  formation  of 
Upper  Cretaceous  age  about  1^  miles  square  are  near 
Carlsbad.  Although  the  shale  is  interbedded  with  sand- 
stone and  limestone,  zones  25  to  50  feet  thick  and  con- 
taining 80  percent  shale  are  common. 

North  of  the  city  of  San  Diego,  the  Rose  Canyon  shale 
member  of  the  La  Jolla  formation  is  extensively  exposed. 
In  this  unit  the  shale  is  interbedded  with  sandstone  and 
conglomerate  but  occurs  in  mineable  bodies  as  much  as 
150  feet  thick  and  many  hundreds  of  feet  in  exposed 
length. 

Treatment.  Rotary  kilns  are  employed  in  the  manu- 
facture of  expansible  shales  on  a  commercial  basis.  First 
the  raw  material  is  crushed.  Then,  if  rounded  and  coated 
particles  are  to  be  produced,  it  is  screened  and  graded, 
and  only  material  of  the  desired  size  range  is  fed  into  a 
rotary  kiln.  The  rotation  rate,  pitch,  and  temperature 
characteristics  of  the  kiln  are  adjusted  to  produce  op- 
timum expansion  of  any  one  size  range.  In  some  plants, 
the  kiln  feed  is  not  carefully  graded,  but  later  the  ex- 
panded material  is  crushed  to  angular,  uncoated  par- 
ticles and  then  graded  as  the  final  stage. 
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where  it  is  sized.  The  si/.ed  vh.ile   is  placed  in   storiige   Inns    { J{ )    and  led   at   regular  rate   into  the   rotary   kilns    (A)    where   it   is 
expanded.  Observer  faces  northeast. 

As  the  shale  fragments  pass  through  the  kilu  they 
encounter  progressively  increasing  temperature  zones  in 
which  occur  the  gas-forming,  glass-forming,  and  expan- 
sion stages  of  reactions  (Bauer,  1948,  p.  71).  Since  these 
reaction  periods  overlap  each  other  in  the  temperature- 
time  scale,  they  cannot  be  designated  as  definite  stages. 
Certain  stages,  however,  may  be  designat^-d  in  order  of 
increasing  temperature.  Stage  1  (up  to  300°  P.)  is  the 
drying  period  when  all  moisture  that  is  held  mechan- 
ically in  the  shale  is  driven  off.  In  stage  2  (250°  to  625° 
P.),  the  first  of  two  dehydration  periods,  the  hygroscopic 
or  colloidal  water  is  removed.  In  stage  3  (725°  to  1470° 
P.),  the  second  dehydration  period,  all  water  of  hydra- 
tion (e.g.,  ill  hydroxides  and  kaolin)  is  removed  from  the 
shale  fragments,  which  by  now  are  well  into  the  gas- 
forming  section  of  the  kiln.  Stage  4  (800°  to  2130°  P.) 
is  the  oxidation  period,  a  very  important  gas-forming 
stage  in  which  carbon,  sulfur,  and  iron  are  oxidized. 
Stage  5  (925°  P.  and  upward)  is  the  dissociation-reduc- 
tion period  when  calcium  and  magnesium  carbonates 
and  sulfates  are  dissociated,  and  ferric  iron  reduced  to 
ferrous  iron.   Stage  6    (1470°   P.,  and  upward)    is  the 

vitrification  period  and  the  beginning  of  the  glass-form-  ^^^^^^^-  ■  ^^l.  ' 

ing  stage.  ^^Km^^J  :  '"•l^^"'^*'' 

Stage  7  (2000°  to  2350°  P.)  is  the  pyroplastic  stage.  ^^m&-v^¥€:-     ■         -  .-     t.'.-^" 

By  this  time  the  shale  fragments  have  passed  through  Figure  r..    Mining  shale  from  hench  at  east  end  of 

the  gas-  and   glass-forming  stages  and  are  beginning   to  Rocklite  quarry,  Rocklite  Company,  Ventura  County. 
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Figure  6.  General  view  of  the  Ridgelite  Products  Company 
burned  shale  operation  neai'  Frazier  Park,  Ventura  County.  Shale 
(claystone)  is  obtained  from  thick  Miocene  beds  at  quarry  (Q) 
and  processed  at  plant  (P).  Present  operation  utilized  one  rotary 
kiln  100  feet  long  and  8  feet  in  diameter.  A  second  kiln  of  the  same 
size  and  capacity  is  standing  unassembled.  Observer  faces  northeast. 

expand.  Stage  8  is  the  melting  period,  a  stage  where 
the  expanded  fragments  suffer  a  loss  of  structure  and 
shape,  and  develop  the  external  skin  (Bauer,  1948,  pp. 
71-73).  Stages  2  to  5  primarily  involve  gas-formation; 
the  6th  glass-formation,  and  the  7th  and  8th  the  expan- 
sion of  the  shale  fragments. 

Several  factors  determine  the  heat  expanding  proper- 
ties of  shale.  Among  them  are  (1)  mineralogical  and 
chemical  composition  of  the  clay  minerals  and  accessory 
minerals,  and  (2)  the  gas-  and  glass-forming  constituents 
of  the  shale.  The  most  common  gas-forming  constituents 
are  carbon,  sulfur,  and  water.  The  glass-forming  con- 
stituents are  salts  of  sodium,  potassium,  lead,  copper, 
and  boron  (the  low-temperature  fluxing  materials),  and 
the  silicate  minerals,  such  as  the  feldspars  and  clay 
minerals  (the  higher  temperature  fluxing  materials). 

Shales  generally  differ  from  one  another  in  the  propor- 
tions of  glass-  and  gas-forming  constituents,  and  will, 
therefore,  react  differently  in  the  kiln. 

A  topical  particle  of  expanded  shale  is  rounded  or 
sub-rounded  and  consists  of  a  dark-gray  central  part 
which  resembles  frothy  glass.  This  center  is  surrounded 
by  a  dense,  partially  fused,  reddish-brown  surface  zone 
which  forms  a  tough,  relatively  impervious  shell. 

The  weight  per  unit  volume  of  expanded  shale  varies 
with  the  size  of  the  particle.  The  larger  particles  have 
a  lighter  weight  per  unit  volume  than  the  smaller  ones. 
A  mixture  of  expanded  shale  particles  weighs  about  one- 
half  as  much  per  unit  volume  as  a  comparable  mixture 
of  sand  and  gravel.  Concrete  made  with  expanded  shale 
weighs  about  one-third  less  than  ordinary  sand  and 
gravel  concrete. 

Expanded  Shale  Operations  in  California.  In  1956, 
expanded  or  burned  shale  were  being  produced  at  five 
plants  in  California,  two  in  the  northern  part  of  the 
state  and  three  in  the  southern  part.  These  were  produc- 
ing a  total  of  about  200,000  to  300,000  cubic  yards  of 
expanded  shale  annually.* 

•  These  figures  are  estimates  based  on  knowledge  of  plant  capacitie.s. 
The  range  is  calculated  on  the  basis  of  one-halt  to  two-thirds 
capacity  operation  during  a  250-day  year. 


Northern  California  was  being  supplied  by  material 
quarried  and  processed  in  southern  Napa  and  eastern 
Marin  Counties  by  the  Basalt  Rock  Company  and  the 
McNear  Brick  Company  respectively.  The  operation  in 
Napa  County  uses  shale  obtained  from  the  Upper  Creta- 
ceous Chico  formation  and  was  begun  in  1953.  In  Marin 
County  the  Franciscan  formation  is  quarried  and  ex- 
panded near  San  Rafael.  This  operation  was  begun  in 
1932. 

In  southern  California  the  Rocklite  Company  and  the 
Ridgelite  Products  Company  are  in  Ventura  County, 
and  the  Airox  Company  is  in  Santa  Barbara  County. 
The  Rocklite  ojieration  uses  shale  from  the  ]Mud-pit  mem- 
ber of  the  Pico  formation  of  Pliocene  age  at  a  locality  in 
the  Ventura  oil  field.  This  operation  has  been  active 
since  about  1940.  The  Ridgelite  Products  Company  op- 
eration which  was  begun  in  about  1952  uses  claystone 
from  the  Lockwood  clay  of  Miocene  age  at  a  locality 
near  Frazier  Park.  This  company  produces  a  burned 
aggregate  by  heating  claystone  at  a  temperature  of  about 
2000°  F.  The  particles  do  not  change  in  volume  or  shape, 
but  lose  weight  primarily  through  the  escape  of  moisture 
and  volatiles  in  the  claystone.  The  Airox  Company,  with 
a  plant  and  quarry  near  Casmalia,  Santa  Barbara 
County,  also  produces  a  lightweight  aggregate  by  burn- 
ing an  oil-saturated  diatomaceous  shale  of  the  Miocene 
SLsquoc  formation.  Although  the  product  is  not  an  ex- 
panded shale,  it  is  a  lightweight  material  produced  by 
burning  the  natural  bitumen  while  the  shale  is  spread  in 
open  piles. 

Although  the  crushing  and  sizing  processes,  the  rota- 
tion rate  and  pitch  of  the  kilns,  and  the  time  required 
for  the  shale  to  traverse  the  kilns  differ  slightly  from 
plant  to  plant,  the  only  major  difference  in  the  plants 
that  actually  expand  shale  is  in  the  numbers  and  sizes  of 
the  kilns  employed.  In  1955,  the  Basalt  Rock  Company 
was  employing  four  kilns  125  feet  long  and  8  feet  in 
diameter;  the  Rocklite  operation,  three  kilns  125  feet 
long  and  8  feet  in  diameter,  and  another  75  feet  long 
and  6  feet  in  diameter ;  the  McNear  Brick  Company,  two 
kilns  80  feet  long  and  6  feet  in  diameter ;  the  Ridgelite 
Products  Company,  one  kiln  100  feet  long  and  8  feet  in 
diameter.  In  1954  these  operations  probably  produced 


l'"li:i  i;k    1.      General    view   of  the   south   I'aue   ul'   Uai.,vi..e    l'roduct> 
Company  shale  (claystone)  quarry,  Ventura  County. 
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FiGUKE  8.  Airox  Company's  burned  shale  operation  at  Casmalia, 
Santa  Barbara  County.  Bituminous,  diatomaceous  shale  is  obtained 
from  quarry  (Q),  sized  at  crusher  (C),  and  burned  in  yard  (Y). 
Burned  shale  is  prepared  for  aggregate  and  pozzolan  at  plant  (P). 
Observer  faces  southwest. 


shells,  and  (2)  aggregate  consisting  of  angular  frag- 
ments of  crushed  expanded  shale.  The  first  type  involves 
a  crushing  and  screening  of  the  raw  material  before  it 
is  fired,  and  is  the  type  produced  by  the  Basalt  Rock 
Company,  the  Roeklite  Company,  and  the  Ridgelite  Pro- 
ducts Company.  The  second  type  is  crushed  and  screened 
after  firing,  is  similar  in  appearance  and  physical  prop- 
erties to  natural  volcanic  cinders  and  scoria,  and  is  pro- 
duced by  the  McNear  Brick  Company. 

Utilization.  All  of  the  expanded  and  burned  shale 
companies  in  California  use  the  material  in  the  produc- 
tion of  concrete  products.  Two  of  the  companies  also  sell 
the  aggregate  on  the  open  market.  Most  of  the  aggregate 
is  used  in  the  production  of  concrete  blocks  which  are 
made  similarly  to  blocks  that  contain  ordinary  sand  and 
gravel  or  natural  lightweight  aggregate.  The  bulk  of  the 
burned  shale  produced  by  the  Airox  Company,  however, 
is  used  in  the  manufacture  of  a  pozzolan.  Most  of  the 
blocks  are  made  by  the  expanded  shale  companies  them- 
selves, and  all  but  one  produce  concrete  products  at  the 
sites  of  the  expansion  plants.  The  other  operator,  the 
Ridgelite  Products  Company,  transports  aggregate  about 
100  miles  from  the  aggregate  plant  to  the  block  plant. 


150,000  to  200,000  yards  of  expanded  shale.  For  the  same 
year  the  Expanded  Shale  Institute  estimated  that  33 
plants  in  the  United  States  and  Canada  produced  2,250,- 
000  yards.  Early  in  1956  the  combined  production  ca- 
pacity of  the  four  operations  in  California  was  about 
1500  yards  per  24-hour  day. 

Both  of  the  main  types  of  expanded  and  burned  shale 
aggregate  are  being  produced  in  California :  ( 1 )  aggre- 
gate consisting  of  rounded  particles  of  expanded  and 
burned    shale    with    dense    and    essentialh-    impervious 

Properties    of    concrete     with    compressive    strengtti    2000  P.S.I. 
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I  Figure  9.     Physical  properties  of  concrete  made  with  natural  light- 
weight aggregates,  expanded  shale,  and  sand  and  gravel. 
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Figure  10.     Properties  of  concrete  made  with  five  bags  of  cement 
per  cubic  yard  of  concrete. 

The  two  largest  operations  produce,  in  addition  to  con- 
crete blocks,  a  variety  of  concrete  products  including 
prefabricated  roof,  floor  and  wall  panels,  structural 
beams,  and  units  of  prefabricated  houses,  silos,  and 
water  tanks. 

Expanded  and  burned  shale  have  invaded  the  aggre- 
gate market  to  some  extent  in  almost  all  fields  where 
concrete  is  used.  In  addition  to  blocks  and  other  pre- 
fabricated products  such  as  those  mentioned  above,  ex- 
panded shale  aggregate  has  been  used  as  well  in  mono- 
lithic concrete  structures  such  as  the  Statler  Hotel  in 
Los  Angeles  and  the  Equitable  Life  Assurance  Society 
Building  in  San  Francisco.  Because  the  expanded  shale 
concrete  is  lighter,  substantially  less  steel  was  used  in 
these  buildings  than  had  ordinary  sand  and  gravel  aggre- 
gate concrete  been  employed.  The  higher  cost  of  ex- 
panded and  burned  shale  aggregate  was  largely  offset  by 
the  lower  co.st  of  steel  reinforcement.  For  most  heavy 
construction,  however,  in  which  both  weight  and  very 
high  strength  are  necessarj-,  sand  and  gravel  probably 
will  continue  to  be  used.  Lightweight  aggregate  is  porous, 
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Figure  11.      (Left)    Expanded  shale  production  in  the  United  States.    (Right)    Lightweight  aggregate   production   in   the   United   States. 

(Pit  and  Quarry,  January  issues,  1951-56.) 


and  concrete  made  from  it  has  better  thermal  and  acous- 
tical insulating  properties  than  ordinarj^  concrete- 
On  the  other  hand,  most  lightweifjht  aggregate  con- 
crete has  higher  water  absorption  and  curing  shrinkage 
than  ordinary  concrete,  and  requires  more  cement  to 
produce  a  given  compressive  strength  than  does  sand 
and  gravel  concrete.  Furthermore,  most  lightweight 
aggregates  produce  concrete  with  a  28-day  compressive 
strength  of  less  than  3,000  psi.  Expanded  and  burned 
shales,  however,  are  lightweight  and  yet  produce  con- 
crete with  compressive  strength,  water  absorption,  and 
curing  shrinltage  values  more  nearly  comparable  with 
those  of  sand  and  gravel  concrete. 

As  the  expansion  of  shale  requires  expensive  equip- 
ment and  fuel,  it  generally  is  more  expensive  to  pro- 
duce than  natural  lightweight  aggregates  such  as  pumice 
and  scoria,  which  need  only  be  crushed  and  graded  after 
they  are  mined.  Perlite  and  vermiculite  are  also  proc- 
essed b.v  a  heat  treatment,  but  they  have  special  uses 
and  generally  are  not  competitive  with  expanded  shale. 
The  high  cost  of  production  of  expanded  shale  is  partly 
offset  by  the  general  abundance  of  raw  material  sources 
and  nearness  to  market  areas. 

Marketing.     The  following  factors  must  be  considered 
before  a  shale  deposit  can  be  put  into  operation: 
(a)   The  shale  must  expand  when  heated  to  an  economically  fea- 
sible temperature ;   this  temperature  should  probably  be  less 


than   2300°F.    The    shale    should    have    a    wide    temperature 
range  of  expansion  without  becoming  sticky. 

(b)  The  expanded  shale  must  meet  the  A.S.T.M.  specifications, 
C331-53T,  for  lightweight  aggregate.  These  specifications  are 
as  follows : 

(1)  Grading  of  aggregate:  Aggregate  shall  be  graded  from 
coarse   to   fine   within   the   limits   shown    in   table   1. 

(2)  Unit  weight  requirements: 

Dry  loose  weight 
Size  designation  lb.  per  cu.  ft. 

Fine  aggregate 70 

Coarse  aggregate 55 

Combined  fine  and 

coarse  aggregates  65 

(3)  The  aggregate  should  also  be  free  of  any  deleterious 
substances,  i.e.,  organic  impurities  and  unburned  mate- 
rials (not  to  exceed  2  percent  dry  weight),  that  might 
react  with  cement  to  cause  spalling  or  other  structural 
failures. 

(4)  Drying  shrinkage  should  not  exceed  0.10  percent,  and 
the  surface  of  the  concrete  should  show  no  popouts. 

(c)  The  deposit  should  be  at  least  large  enough  to  support  an 
operation  long  enough  to  amortize  the  cost  of  the  processing 
plant.  It  should  also  be  homogeneous  and  so  located  geolog- 
ically and  topographically  to  allow  mechanized,  open-pit  min- 
ing operations. 

(d)  To  minimize  hauling  costs  the  deposit  should  be  near  to  a 
possible  processing  plant  site,  and  near  to  markets. 

As  all  of  the  operators  in  California  obtain  shale 
from  captive  deposits  close  to  the  plants,  they  provide 
no  ready  market  for  crude  expansible  shale  from  an  in- 
dependently operated  deposit. 


Table  1.     Screen  analysis  of  graded  aggregate.  Percentage  (by  weight)  passing  sieves  having  square  openings. 


Size  designation 


?i-in. 


M-in. 


3/8-in. 


No.  4 


No.  8 


No.  16 


No.  50 


No.  100 


Fine  aggregate 

No.  4  to  0 --- 

Coarse  aggregate 

J^-in.  to  No.  4 

3/8-in.  to  No.  8 

Combined  fine  and  coarae  aggergate 

Vi-in.  toO 

3/8-in.  toO 


100 


90-100 
100 


05-100 
100 


100 


40-  80 
80-100 


90-100 


85-100 


0-  20 
5-  40 


50-  80 
65-  90 


0-10 
0-20 


35-66 


10-35 


5-20 
10-25 


2-15 
5-15 
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FlULUE  12.  yujirryiiiK  fxpansiUle  shale  at  ]5a.salt  Rock  Cdinpaii.v's  shale  quairy  near 
Lake  Chabot,  Solano  County.  The  shale  (CretaetHxis  in  age)  from  this  quarry  is  trucked  to 
a  processing  plant  located  nearby  and  made  into  lightweight  aggregate  for  all  types  of  con- 
crete structures. 
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In  1956,  expanded  shale  aggregate  in  California  was 
valued  at  about  $5.00  per  yard  f.o.b.  plant.  This  price 
was  about  three  times  as  high  as  ordinary  sand  and 
gravel  aggregate  and  two  to  three  times  as  high  as  pum- 
ice and  volcanic  cinder  aggregate.  The  price  of  standard 
8  by  8  by  16  inch  building  blocks  made  with  expanded 
shale  was  about  the  same  as  the  price  of  blocks  made 
with  pumice  and  cinders,  and  only  slightly  higher  than 
the  price  of  heavyweight  concrete  blocks. 
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SILVER 

By  Richard  M.  Stewart 


Silver  has  been  produced  in  quantity  in  California 
since  the  gold-rush  days.  Most  of  the  state's  silver,  espe- 
cially in  recent  years,  has  been  recovered  from  base  metal 
ores  mined  in  Inyo  County.  Silver  has  been  the  principal 
valuable  metal  in  deposits  of  only  two  major  districts  in 
California — Calico  and  Kandsburg.  Statistics  covering 
the  state 's  annual  silver  output  were  not  gathered  before 
1880,  but  since  then  and  through  1954,  about  105  million 
ounces  have  been  produced.  This  represents  about  2.8 
percent  of  the  national  production,  including  that  from 
Alaska,  for  the  same  period.  California's  silver  produc- 
tion was  1,047,480  ounces  in  1953,  and  the  annual  pro- 
duction for  the  years  1949  through  1953  averaged  1,029,- 
610  ounces  (Maurer,  1954,  p.  4).  Owing  to  the  shutdown 
of  the  state's  principal  lead-zinc  mine  at  Darwin,  Inyo 
County,  the  amount  of  silver  produced  in  California 
dropped  to  about  309,000  ounces  in  1954. 

Mineralogy.  The  most  abundant  silver  minerals  of 
California  are  cerargyrite  (AgCl),  also  known  as  horn 
silver;  and  miargyrite  (AgSbS2).  Silver  may  substitute 
for  copper  in  the  mineral  tetrahedrite  (Cu,Fe,Zn,Ag)i2 
(Sb,As)4Si3.  Freibergite,  which  is  silver-bearing  tetra- 
hedrite, is  common  in  many  mines  in  California  and  was 
very  important  as  the  source  of  silver  in  several  deposits. 
Most  of  the  silver  now  produced  in  California  is  obtained 
from  argentiferous  galena  and  silver-bearing  lead  or  zinc 
minerals  in  the  oxidized  zone  of  lead-zinc  deposits. 

Native  silver  occurs  principally  as  a  secondary  min- 
eral. It  is  widespread,  but  in  most  deposits  is  not  as 
abundant  as  other  silver-bearing  minerals.  Native  silver 
rarely  is  pure,  but  contains  admixtures  of  other  elements, 
particularly  gold  and  copper.  Electrum.  an  alloy  of  gold 
and  silver,  contains  from  18  to  36  percent  silver.  Al- 
though the  silver  content  of  most  of  the  lode  gold  pro- 
duced in  the  state  has  been  relatively  low,  lode  gold 
mines  have  yielded  an  appreciable  part  of  the  total 
amount  of  silver  produced.  Most  placer  gold  carries  a 
lower  proportion  of  silver  than  does  lode  gold. 

Silver  minerals  that  are  important  in  other  areas  in- 
clude argentite  (Ag2S)  ;  proustite  (AgaAsSs),  also  known 
as  light  ruby  silver;  pyrargyrite  (AgsSbSs),  also  known 
as  dark  ruby  silver;  and  stromeyerite  (Ag,Cu)2S. 

Localities  in  California.  Mines  in  San  Bernardino 
County  have  been  the  source  of  most  of  the  silver  pro- 
dvieed  in  California,  followed  by  mines  in  Inyo  and 
Shasta  Counties  in  that  order.  Other  counties  that  have 
yielded  silver  valued  in  excess  of  one  million  dollars  are 
Calaveras,  Kern,  Mono,  Nevada,  and  Plumas. 

The  lead-zinc  deposits  in  the  Darwin  and  Tecopa 
districts  of  Inyo  County  have  been  the  chief  sources  of 
silver  in  California  in  recent  years.  These  deposits  are 
described  in  the  section  on  lead  in  this  bulletin.  The  ore 
milled  at  the  Darwin  mines  has  averaged  from  5  to  7 
ounces  of  silver  per  ton.  Some  marginal  grade  mill  ore 
has  contained  as  little  as  1  ounce  per  ton,  and  some  high- 
grade  shipping  ore  has  contained  20  ounces  of  silver  per 
ton.  Shipping  grade  ore  from  the  principal  mines  in  the 
Tecopa  district  has  averaged  about  11  ounces  of  silver 
per  ton.  Published  reports  indicate  that  most  of  the  ore 


shipped  from  other  lead-zinc  deposits  in  Inyo  County 
had  silver-lead  ratios  ranging  from  1  ounce :  1  percent 
to  1  ounce:  3  percent  (Carlisle,  et  al.,  1954,  p.  42).  A 
notable  exception  is  the  Lee  Flat  mine  in  Inyo  County, 
ore  shipments  from  which  have  had  silver-lead  ratios 
as  high  as  10  ounces :  1  percent. 

Silver  was  the  principal  metal  sought  in  the  South 
Fork  district  in  Shasta  County.  At  the  Chicago  mine, 
the  source  of  about  a  million  dollars  worth  of  silver, 
freibergite  occurs  with  galena  in  quartz  veins  in  granitic 
rocks.  Most  of  the  silver  produced  in  Shasta  County, 
however,  was  recovered  from  massive  sulfide  deposits 
that  contained  copper,  zinc,  and  minor  proportions  of 
precious  metals.  These  deposits  are  described  in  the  sec- 
tions on  copper  and  zinc  in  this  bulletin.  The  following 
data  show  the  proportion  of  silver  to  copper  and  zinc  in 
the  ore  from  some  of  the  more  prodvietive  mines  of 
this  type. 

Calculated 
proportions 
Ag  :  Cu    :    Zn 

Iron  Mountain   (Kinkel  and  Albers,  1951,  p.  8) 1    :  7.5   ;  2.65 

Sliasta  King   (Kinkel  and  Hall,  1951,  p.  3) 1    :  2.9    :  8.7 

Mammoth   (Kinkel  and  Hall,  1952,  p.  6) 1    :  0.7    :  0.8 

Afterthought  (Albers,  19.5,'?,  p.  13) 1    :  0.5    :  3.2 

The  Iron  Mountain  mine  was  first  worked  to  recover 
the  silver  contained  in  the  gossan  that  capped  the  sulfide 
ore. 

San  Bernardino  County  has  a  total  silver  output 
valued  at  nearly  30  million  dollars.  Although  some  of 
this  silver  has  been  obtained  from  base-metal  or  gold 
mines,  most  of  it  was  obtained  from  mines  in  which  it 
was  the  principal  metal.  The  most  productive  mines  were 
those  of  the  Calico  district  and  the  Kelly  (California 
Band)  silver  mine  of  the  Kandsburg  district. 

Bieh  silver  ore  was  discovered  in  the  Calico  district 
(Wright,  et  al.,  1953,  pp.  125-133)  in  1881,  and  the  most 
productive  mines  were  active  from  1882  to  1896.  The 
value  of  the  total  production  of  silver  from  mines  in  this 
district  has  been  estimated  variously  at  13  million  to  20 
million  dollars  (Wright,  et  al.,  1953,  p.  126). 

The  Calico  Mountains  consist  essentially  of  a  Tertiary 
sequence,  composed  of  volcanic  rocks  and  lake  deposits, 
which  rests  upon  a  pre-Tertiary  crystalline  basement. 
The  Tertiary  rocks  are  broadly  divisible  into  three  units. 
The  lower  two  consist  of  sedimentary  and  volcanic  rocks 
of  Miocene  age.  Pliocene  ( ? )  andesite,  the  upper  of  these 
Tertiary  divisions,  rests  unconformably  on  the  Miocene 
units.  The  silver  deposits  were  associated  with  tensional 
faults  in  the  Miocene  rocks  and  lie  along  a  zone  5  miles 
long  and  2  miles  wide.  The  deposits  may  be  classified  as : 
(1)  veins  within  or  near  prominent  faults  or  fractures, 
and  (2)  shallow,  pockety  disseminations. 

The  mined  ore  was  chiefly  cerargj^rite  (silver  chloride) 
and  embolite  (silver  chloro-bromide)  in  a  gangue  of 
barite  and  jasperoid  silica.  Most  of  the  cerargyrite  and 
embolite  occurred  as  thin  coatings  in  cracks,  but  thick 
lenses  of  nearly  solid  cerargyrite  were  not  uncommon. 
Base  metal  minerals,  manganese  oxides  and  pyrite  were 
present  in  minor  proportions  along  with  traces  of  gold ; 
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some  native  silver  was  found.  Barite  formed  as  much  as 
95  percent  of  the  vein  material. 

The  Calico  ores  averaged  10  to  26  ounces  of  silver  per 
ton,  but  some  ores  had  values  as  high  as  $2,000  per  ton 
(DeLeen,  1950).  At  the  price  prevailing  in  1894  of  $1.13 
per  ounce,  this  value  would  have  represented  ore  con- 
taining about  1770  ounces  of  silver  per  ton.  Although 
the  veins  persisted  in  the  deepest  workings,  550  feet,  the 
ore  shoots  were  shallow,  and  few  mines  exceeded  a  depth 
of  200  feet.  Lateral  workings  were  extensive  in  the  larger 
mines,  such  as  the  Silver  King,  Odessa,  and  Garfield- 
Thunderer. 

The  Kelly  (California  Rand)  silver  mine  (Wright, 
et  al.,  1953,  pp.  133-138)  was  discovered  in  1919,  and 
has  the  largest  silver  output  of  any  single  mine  in  Cali- 
fornia— a  recorded  output  valued  at  about  $16,000,000. 
The  Kelly,  a  few  bordering  properties  that  also  contained 
shipping-grade  silver  ore,  and  numerous  silver  prospects 
lie  within  a  northeastward-trending  area  about  2  miles 
long  and  1^  miles  wide.  The  Kelly  workings  are  confined 
to  a  zone  4500  feet  long  and  1200  to  1800  feet  wide. 
Virtually  all  the  known  silver  deposits  of  commercial 
interest  are  in  the  Rand  schist,  a  pre-Cambrian  formation 
that  lies  in  the  central  western  part  of  the  area  above. 
Pliocene  continental  sedimentary  rocks  and  acidic  vol- 
canic intrusive  rocks  are  exposed  north  and  east  of  the 
Rand  schist,  and  bodies  of  Mesozoic  quartz  monzonite 
have  intruded  the  Rand  schist  in  the  northern  and 
southern  parts  of  the  area. 

The  ore  bodies  are  contained  in  well-defined  veins  that 
are  broadly  divisible  into  two  sets ;  one  set  strikes  about 
N.  40°  E. ;  the  other,  and  later,  set  strikes  northward  to 
north-northwestward.  Dips  flatten  from  70°  near  the 
surface  to  40°  at  depths  exceeding  800  feet.  Most  of 
the  veins  terminate  upward  against  a  pre-mineral  fault 
known  locally  as  the  "mud  wall." 

The  veins  of  the  northeastward-trending  set  are  the 
most  extensive ;  the  Pootwall  vein  has  an  exposed  length 
exceeding  3500  feet  and  ranges  in  width  from  40  to  80 
feet.  Six  parallel  veins,  including  the  Shaft  vein  and 
Antimony  vein,  lie  within  a  distance  of  1400  feet  to  the 
southeast.  The  veins  of  the  north-trending  set  are  gen- 
erally shorter,  spaced  at  intervals  of  200  to  500  feet,  and 
range  in  thickness  from  5  to  10  feet.  Sixteen  of  these 
have  been  named,  the  more  famous  being  the  Harrel  and 
Nosser  veins. 

Ore  shoots  in  the  veins  are  lenticular  to  pipelike  in 
shape,  from  a  few  inches  to  60  feet  wide,  and  as  long 
as  300  feet.  Although  the  north-trending  veins  are  not  as 
extensive,  in  general  they  contain  the  best  ore,  and  ore 
shoots  are  richest  at  intersections  of  veins  of  the  two  sets. 
Workings  in  the  intersections  of  the  Harrel-Antimony 
and  Harrel-Shaft  veins  alone  have  yielded  ore  valued  at 
$12,000,000. 

Miargyrite,  freibergite  and  cerargyrite  are  the  prin- 
cipal silver  minerals;  proustite  and  pyrargyrite  are 
present  in  minor  proportions.  The  vein  gangue  is  com- 
posed mostly  of  fine-grained  quartz  and  chalcedony. 
Pyrite  and  arsenopyrite  are  abundant  in  the  northeast- 
ward-trending veins,  much  less  so  in  the  others.  Chalco- 
pyrite  and  native  gold  are  rare. 

Much  of  the  ore  mined  was  of  very  high  grade.  The 
richest  probably  assayed  as  high  as  13,000  ounces  of 
silver  per  ton  (Hulin,  1925,  p.  115).  The  range  in  grade 


for  most  of  the  ore  mined  was  10  to  300  ounces  of  silver 
per  ton,  and  the  average  approximated  50  ounces  of 
silver  and  $3.00  of  gold  per  ton  (Hulin,  1925,  p.  99). 

The  mine  has  been  worked  mainly  through  3  shafts, 
the  deepest  being  1660  feet.  Level  workings,  mostly  at 
100-foot  intervals  and  variously  connecting  the  shafts, 
total  more  than  9  miles  in  length. 

Two  smaller  districts,  the  Panamint  City  in  Inyo 
County,  and  the  Blind  Spring  Hill  in  Mono  County, 
were  mined  principally  for  silver.  The  Panamint  City 
district  (Sampson,  1932,  pp.  359-364)  was  most  active  in 
the  1870 's.  Here  freibergite-bearing  ore,  valued  at  about 
$2,000,000  was  removed  from  quartz  veins  in  limestone. 
The  workings  are  shallow  and  most  of  them  are  appended 
to  adits  driven  into  hill  slopes. 

The  Blind  Spring  Hill  district,  most  active  from  1862 
to  the  early  1880 's,  is  credited  with  a  production  valued 
at  $4,000,000  to  $6,000,000  in  silver.  The  deposits  here 
are  notable  in  that  stromeyerite  (Ag,Cu)2S,  an  uncom- 
mon mineral  elsewhere,  was  the  principal  silver  mineral. 
All  the  deposits  were  richest  in  the  zone  of  oxidation  and 
enrichment  near  the  surface,  and  none  was  worked  to  a 
depth  of  more  than  1100  feet  (Ransome,  1940,  p.  162). 

The  Mojave  district  in  Kern  County,  although  of  in- 
terest chiefly  for  the  gold  content  of  its  ores,  has  been 
the  source  of  considerable  amounts  of  silver.  The  gold 
and  silver  here  occur  in  epithermal  quartz  veins  related 
to  Middle  and  Upper  Tertiary  intrusive  volcanic  rocks 
(Gardner,  1954,  p.  52).  Some  of  the  silver  was  present 
as  electrum,  but  cerargyrite  and  argentite  were  present 
in  major  proportions  in  some  ore  shoots  (Tucker,  1935, 
p.  468).  The  cerargyrite  was  found  to  be  very  finely  dis- 
seminated through  the  quartz  above  the  water  level, 
whereas  argentite  was  the  principal  ore  mineral  at 
deeper  levels.  About  40  percent  of  the  total  value  of  the 
ore  was  represented  by  silver  (Tucker,  1949,  p.  221). 
The  Cactus  mine  at  Middle  Buttes  was  the  main  source 
of  silver  in  California  during  1938  and  1939  (Gardner, 
1954,  p.  51). 

Cerargyrite  is  the  chief  silver  mineral  in  the  deposits 
at  the  Annex  (Silver  Hills)  mine  in  San  Bernardino 
County.  Native  silver  and  silver  sulfides  contained  most 
of  the  silver  in  the  ore  at  the  Waterman  mine  in  San 
Bernardino  County  just  west  of  the  Calico  district. 
Cerargyrite  was  abundant  near  the  surface  in  this  de- 
posit. 

Mining  Methods.  As  most  of  California's  silver  out- 
put is  derived  from  base  metal  ores,  the  mining  opera- 
tions for  these  ores  are  described  in  the  sections  on 
copper,  lead  and  zinc  in  this  bulletin. 

Mining  methods  in  the  Calico  district,  San  Bernardino 
County,  most  active  from  1882  to  1896,  are  incompletely 
described,  but  much  of  the  ore  was  recovered  from  large 
open  stopes  connected  by  unsystematic  level  workings. 
To  quote  Storms  (1893,  p.  344),  "The  policy  which  was 
pursued  in  those  'palmy  days' — to  gouge  out  the  rich 
ore  whenever  it  could  be  found,  without  regard  to  future 
condition  of  the  mine — left  most  of  the  mines  in  very 
bad  shape."  And  in  referring  to  the  Odessa  mine,  "In 
this  mine  are  stopes  from  which  thousands  of  tons  of 
ore  have  been  mined,  and  there  is  not  a  stick  of  timber 
of  any  kind  in  them  .  .  .  What  applies  to  the  Odessa  in 
this  respect  is  true  to  a  great  extent  of  every  other  large 
mine  in  Calico. " 
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Ill  the  Calico  district,  as  well  as  in  other  early  opera- 
tions, the  term  "chlorider"  was  applied  to  one  who, 
upon  leasing  a  portion  of  a  mining  claim,  mines  only 
the  high-grade  ore  (silver  chloride)  and  does  no  develop- 
ment work.  Nevertheless,  the  deposits  were  explored  ex- 
tensively, and  not  all  the  mines  were  developed  un- 
systematically.  The  Silver  King  mine  (Wright,  et  al„ 
1953,  pp.  129-130),  one  of  the  first  and  most  productive 
in  the  district,  was  originally  worked  through  a  500-foot 
inclined  shaft.  Workings  on  the  4th,  6th,  7th,  8th  and 
9th  levels  connected  to  the  adjacent  Oriental  mine.  In 
operations  after  1926,  two  vertical  shafts  were  sunk  550 
feet  part  to  depths  of  340  and  530  feet  and  level  work- 
ings were  extended  to  a  total  of  at  least  12,000  feet. 

Ore  from  the  Kelly  (California  Rand)  mine  in  the 
Randsburg  district  was  first  removed  from  a  glory  hole. 


Owing  to  the  irregularity  of  the  bodies  that  contained 
high-grade  ore,  subsequent  development  work  was  gov- 
erned by  the  desire  to  follow  the  ore  closely.  Level  work- 
ings from  the  main  shaft  were  driven  at  50-foot  inter- 
vals down  to  the  seventh  level  and  mostly  at  100-foot 
intervals  below.  The  greatest  depth  attained  was  1660 
feet.  The  ground  stood  well  and  most  stopes  were  open. 
Some  shrinkage  stopes  were  used,  primarily  to  "provide 
a  reserve  of  broken  ore  from  which  to  draw  if  all  the 
faces  happen  to  'pinch'  coincidentallv"  (Parsons,  1921, 
p.  859). 

History  of  Production.  The  production  of  silver  in 
California  was  not  separately  recorded  until  1880.  The 
earliest  mention  of  silver  mining  refers  to  the  Alisal 
Ranch,   Monterey   County.   Prior  to   1825   an   adit  and 
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winze  were  supposedly  driven  here  by  three  Chileans 
under  the  direction  of  Spanish  padres.  The  ore  was 
galena,  thought  to  be  argentiferous  (Laizure,  1925,  pp. 
23  and  56). 

Since  1849,  by-product  silver  produced  from  the  gold 
mines  has  been  quite  important.  With  mining  interest 
concentrated  on  gold,  little  attention  was  paid  to  silver. 
However,  in  1856  silver  ore  in  the  form  of  silver-bearing 
tetrahedrite  with  galena  was  discovered  in  the  South 
Fork  mining  district  of  Shasta  County  (Tucker,  1923, 
p.  313).  The  Chicago  mine,  not  located  until  1866,  was 
the  largest  source  and  is  credited  with  production  valued 
at  about  $1,000,000.  At  first  the  ore  was  shipped  to 
Swansea,  Wales,  for  reduction. 

The  silver  boom  of  the  Comstoek  Lode  in  Nevada,  in 
1859  and  1860,  finally  led  to  the  prospecting  for  silver 
in  Alpine,  Mono,  and  Inyo  Counties,  starting  in  the 
summer  of  1861.  The  earliest  silver  mining  in  Alpine 
County  (Logan,  1922,  pp.  355-366)  was  not  very  suc- 
cessful, largely  because  the  sulfide  ores  were  not  amena- 
ble to  the  ordinary  free-milling  processes.  Later,  Prue 
vanner  concentrators  were  brought  to  the  Colorado  No. 
2,  the  largest  producer,  and  the  concentrates  were  suc- 
cessfully chlorinated,  with  high  recovery  of  gold  and 
silver. 
f  Silver-bearing  ore  was  discovered  on  Blind  Spring 
Hill,  Mono  County,  in  1862.  The  district,  quite  active 
until  1890,  is  credited  with  a  production  valued  at  more 
vthan  $4,000,000. 

■'  Farther  south,  in  Inyo  County,  the  Cerro  Gordo  dis- 
trict was  discovered  between  1862  and  1866 ;  the  Darwin 
district  was  discovered  in  the  early  seventies. 

The  Calico  district,  San  Bernardino  County,  was  ac- 
tive mainly  from  1882-96,  but  was  worked  after  that  date. 

In  1919,  the  California  Rand  silver  mine  was  dis- 
covered. For  several  years  its  annual  production  had 
the  highest  value  of  any  silver  mine  then  operating  in 
the  United  States.  It  was  operated  by  various  companies 
until  it  was  shut  down  in  1942.  The  mine  was  reopened 
in  1946,  but  operations  there  have  been  mostly  of  an 
exploratory  nature.  It  has  contributed  more  than  half 
of  the  recorded  silver  production  from  San  Bernardino 
County. 

The  Pittman  Act  (Dunlop,  1921,  p.  740)  was  of  im- 
portance to  silver  producers  during  the  period  April 
1918  to  June  1923.  Under  this  act  350,000,000  silver 
dollars  were  made  available  for  melting.  The  silver  thus 
obtained  was  used  by  the  United  States  and  the  Allied 
Nations  to  settle  trade  balances  in  India,  China,  and 
other  large  silver-using  countries.  New  domestic  silver 
was  purchased  by  the  Mint  at  a  guaranteed  minimum 
price  of  approximately  $1.00  per  ounce.  In  June  of  1923, 
the  Treasury  Department  ruled  that  enough  fine  silver 
had  been  purchased  under  the  Act.  Altogether  208,622,- 
057  fine  ounces  were  obtained  for  export  bj'  melting  of 
the  dollars,  but  only  200,585,035  fine  ounces  of  new  do- 
mestic silver  were  purchased  bv  the  Mint  (Dunlop,  1925, 
pp.  599-600). 

Since  1933,  the  government  policy  of  purchasing  all 
newly  mined  domestic  silver  has  been  the  most  important 
economic  factor  in  the  silver  mining  industry. 

Utilization.  Silver  has  been  used  by  man  for  thou- 
sands of  years.   The  malleability  and  ductility  of  the 


native  metal  allowed  it  to  be  shaped  even  with  the 
crudest  of  tools.  Owing  to  its  relative  scarcity  and  its 
chemical  stability  under  normal  conditions,  its  dominant 
use  from  earliest  times  has  been  as  a  measure  of  wealth 
and  as  a  medium  of  exchange. 

Use  of  silver  in  coins  is  not  as  great  today  as  it  once 
was.  In  recent  years  only  the  subsidiary  coins,  half-dol- 
lars, quarters  and  dimes,  have  been  minted  in  the  United 
States.  The  intrinsic  value  of  silver  coins  depends  upon 
the  weight  and  fineness  of  the  coinage  allo.y  (fineness 
being  the  proportion  of  pure  silver  expressed  in  parts 
per  thousand),  and  the  monetary  value  may  be  greater 
or  less.  The  principal  alloys  used  in  coinage  are  binary 
silver-copper  alloys,  the  copper  providing  greater  resist- 
ance to  wear.  The  fineness  of  coinage  alloys  in  most 
countries  ranges  from  500  to  900,  although  some  coins 
in  circulation  in  Mexico  have  a  fineness  of  only  300 
(Leach,  1953,  p.  381).  The  standard  fineness  of  United 
States  silver  coins  is  900.  The  weight  in  grams  of  these 
coins  is  as  follows :  dollar,  26.73 ;  half-dollar,  12.5 ;  qviar- 
ter,  6.25;  and  dime,  2.5  (Director  of  the  Mint,  1953, 
p.  62). 

Second  to  its  use  as  a  monetary  metal  is  the  use  of 
silver  in  the  arts — silverware,  both  sterling  and  plated, 
and  jewelry.  The  fineness  range  of  the  silver-copper  al- 
loys that  are  used  for  silverware  is  similar  to  that  of 
the  monetary  alloys,  but  sterling  silver  which  is  925  fine 
is  the  accepted  standard  for  silverware  in  the  United 
States  and  England.  Much  jewelry  is  manufactured  of 
sterling  silver,  but  some  gold-silver  alloys  are  also  used. 
Silver  hardens  gold  and  lightens  its  color.  A  white- 
colored  gold  alloy  results  if  50  to  60  percent  silver  is 
added.  A  wide  variety  of  yellow  colors  is  obtained  by 
adding  copper,  and  the  ternary  gold-silver-copper  alloys 
have  a  greater  use  in  modern  jewelry  than  the  gold- 
silver  alloys. 

The  use  of  silver  in  industry  is  a  relatively  recent  de- 
velopment, but  the  proportion  of  silver  thus  used  con- 
tinues to  rise.  Some  of  the  physical  properties  of  silver 
that  make  it  useful  are:  (1)  high  thermal  and  electrical 
conductivity  (greater  than  copper,  gold,  or  aluminum)  ; 
and  (2)  a  density  of  10.49  intermediate  between  lead  at 
11.34  and  copper  at  8.96. 

Silver,  owing  to  its  excellent  qualities  as  a  conductor 
of  heat  and  electricity,  was  used  extensively  during 
World  War  II  in  place  of  copper.  Large  amounts  of 
silver  were  loaned  from  the  monetary  stocks  of  the 
treasury  to  industry  for  u.se  in  such  objects  as  bus  bars. 
Silver  also  is  used  in  other  electrical  contacts,  commonly 
in  silver-molybdenum  or  silver-tungsten  mixtures  pre- 
pared by  powder  metallurgy  processes.  A  silver-copper 
alloy,  identical  to  the  monetary  alloy,  also  is  widely  used 
for  contact  points.  The  conductivity  of  silver  is  utilized 
in  electrical  circuits  imprinted  with  a  silver  flake  paint. 
The  development  and  expansion  of  the  electrical  and 
electronic  industries  undoubtedly  will  require  increasing 
amounts  of  silver. 

Silver  solders  and  brazing  alloys,  generally  termed 
"silver  brazing  alloys"  (Leach,  1953,  p.  390),  have  rela- 
tively low  melting  points  and  are  highl}-  resistant  to 
corrosion.  Metal  parts  may  be  soldered  or  brazed  to- 
gether with  these  alloys,  and  the  resulting  joint  will  have 
very  high  strength.  Such  alloys  are  especially  useful  in 
joining  such  components  as  fuel  or  oil  lines  on  aircraft 
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ORE    FROM    MINE 


BUCKET    ELEVATOR 
100  T   BIN 


BUCKET    ELEVATOR 
200  T.  BIN 


DODGE    CRUSHER 
TO    3.0" 


2   HAMMEL  FEEDERS 


BLAKE    CRUSHER 
TO  ,75" 


OVERSIZE 
2  BALL  MILLS  I 

(HENDY)        ^2    DORR    CLASSIFIERS 


FLOW    SHEET    OF    THE    CALIFORNIA    RAND   SILVER, INC. 

Capacity   400    tons   per   24    hours 


PILOT    TABLE 


PULP    INTO    MINERAL 
SEPARATION    FLOTATION    CELLS 
2  UNITS,    NO.  I,   24   CELLS 
NO.  2,  30  CELLS 


TO    DUMP 


7  DORR    THICKENERS 


CLEAR    WATER      -^ 
RETURNED    TO    MILL 


TAILINGS 


Adapted  from  Bulletin  95,  1925 
Californio  State  Mininq  Bureau 


10-16  CELLS   SHIPPING 
CONCENTRATES. 
REMAINDER    AS 
MIDDLINGS   RETURNED 
TO  HEAD  END 
OF   CELLS 


CONC.  TO  SMELTER 


Figure  2.     Flow  sheet  of  mill  nt  Kelly  (California  Rand)  silver  mine,  San 
Bernardino  County.  (After  Hulin,  1925,  p.  120.) 


wherein  joint  failures  could  be  disastrous.  Copper  and 
zinc  are  the  metals  most  commonly  alloyed  with  silver 
in  this  application ;  cadmium,  tin,  nickel  and  manganese 
are  also  used. 

The  photographic  industry  consumes  large  amounts  of 
silver  each  year  in  the  form  of  silver  nitrates,  and  prac- 
tically every  field  of  human  endeavor  is  touched  upon 
by  the  photographic  process. 

The  medical  profession  makes  use  of  the  antiseptic 
and  corrosion  resistance  properties  of  silver  as  silver 
plates  or  silver  leaf  over  surgical  incisions.  Silver  amal- 
gam, consisting  of  powdered  silver,  tin,  copper  and  zinc, 
mixed  to  a  ])roper  consistency  with  mercury,  is  used  ex- 
tensively by  the  dental  profession. 

Silver  is  used  in  the  manufacture  of  chemical  and 
laboratory  eciuipment  because  of  its  high  resistance  to 
corrosion.  Owing  to  the  high  reflectivity  of  a  polished 
silver  surface,  silver  is  particularly  useful  for  backing 
glass  for  mirrors  and  for  coating  other  metals  for  re- 
flectors. 

The  effects  of  alloying  small  amounts  of  silver  with 
other  metals,  particularly  in  the  manufacture  of  bearing 
metals,  are  being  studied.  A  large-scale  research  pro- 
gram. The  American  Silver  Research  Project  sponsored 
by  the  principal  silver  producers  and  dealers,  indicated 
that  the  greatest  hopes  for  increasing  the  use  of  silver 
lie  in  the  metallurgical  field   (Bell,  1955,  p.  792). 
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The  accompanying  table  (Handy  and  Harman,  1956, 
p.  30)  shows  the  major  domestic  uses  of  silver  for  the 
period  1951-1955. 

Consuiiiptioii  of  Silver  in  MiUions  of  Ounces. 
1951        19.52 

Arts  and  industries 110.0         95.0 

Coinage 44.4         57.3 

Total   154.4       152.3       147.8       138.1       108.2 

Beneficiation  and  Extractive  Metallurgy.  Silver  gen- 
erally has  been  recovered  from  ores  whose  silver  contents 
lie  within  the  range  of  a  few  ounces  to  a  few  thousand 
ounces  per  ton.  As  more  and  more  complex  precious 
metal  ores  were  mined,  the  processes  for  recovering  sil- 
ver changed  from  simple  amalgamation  to  leaching  or 
smelting.  Today,  nearly  all  silver  ores  are  treated  by 
cyanidation  or  by  smelting,  and  either  process  may  be 
preceded  by  concentration. 

The  amalgamation  process  involves  bringing  finely 
divided  ore  into  contact  with  mercury,  either  on  an 
amalgamating  plate  or  by  introducing  mercury  into  the 
grinding  circuit.  Silver  becomes  wetted  and  absorbed  by 
the  mercury  to  form  a  substance  known  as  amalgam. 
Silver  and  mercury  may  be  present  in  various  propor- 
tions, as  amalgam  consists  in  part  of  silver-mercury  al- 
loys and  in  part  of  silver  particles  adhering  to  and 
coated  by  the  mercury. 
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GOLD-SILVER    ORE 
FREE    MILLING    ORE 

T 


LEAD-SILVER    ORE 
SULPHIDE    ORE 


ConcenJrotion 


I  Amolgomotionl 


I 1         I        I--1 

I       I        I L   I 

j   Icyonidotion  [  j 


"T" 


-HIGH  GRADE-i 
ORE  I 


[Concentrotion  | 


LCONCENTRSTE  — -■ 


I  Retorting  | 


|Precipitotron| 
PRECIPITATE 


Smelting! 


BASE    BULLION 


[Melting] 


Porkes  Process 


ZINC   CRUST 

Cupellotron 

SILVER   BULLION  (PORE) 


LEAD   BULLION 


Refining  I 


Figure  3.     Schematic  diagram  sliowing  benefication  and  extractive 
metallurgical  processes  for  gold-silver  and  lead-silver  ores. 


As  the  amalgamation  of  more  and  more  complex  silver- 
bearing  ores  was  attempted,  the  process  was  modified 
by  the  use  of  additional  reagents,  such  as  salt  and  copper 
sulfate,  or  by  conducting  the  process  in  copper  or  iron 
pans  and  with  the  aid  of  external  heat.  It  was  found 
that  precious-metal  ores  in  which  the  silver  was  not 
present  as  silver  chloride  could  be  more  effectively  amal- 
gamated if  the  silver  was  first  converted  to  silver  chloride 
by  the  use  of  a  chlorine  reagent.  Eventually,  this  process 
evolved  into  a  chloridizing  roast.  The  resulting  silver 
chloride  then  was  either  reacted  upon  to  precipitate 
silver  for  amalgamation  or  dissolved  by  a  brine  or  sodium 
thiosulphate  solvent  from  which  the  silver  was  finally 
precipitated.  The  amalgam  produced  by  any  of  the  amal- 
gamation processes  must  be  further  treated  by  retorting, 
the  end  products  being  a  precious  metal  sponge  and 
liquid  mercury. 

The  cyanide  leaching  process,  introduced  around  1890, 
superseded  all  others  and  still  is  in  use  in  some  parts 
of  the  Americas.  Cyanidation  involves  leaching  finely 
ground  ore  with  a  weak  aqueous  solution  of  sodium  or 
potassium  cyanide.  The  precious  metals  contained  in 
the  ore  are  dissolved  and  recovered  later  by  precipita- 
tion effected  by  zinc  shavings,  zinc  dust,  or  carbon.  The 
cyanide  reactions  are  similar  for  both  silver  and  gold, 
the  principal  differences  being  the  rate  of  dissolution 
of  the  metals  and  the  optimum  strength  of  the  cyanide 
solutions.  Experiments  with  pure  metals  have  shown 
that  silver  dissolves  at  about  half  the  rate  of  gold  and 
that  the  solution  strength  that  results  in  maximum  rates 
of  dissolution  is  0.05  percent  NaCN  for  gold  and  0.10 
percent  NaCN  for  silver  (Barsky,  1935,  pp.  670-672). 

Silver  minerals  most  amenable  to  cyanide  treatment 
are  argentite  (Ag2S),  native  silver  and  the  silver  haloid 
minerals.   Sulfarsenides  and   sulfantimonides   of  silver 


and  argentiferous  galena  and  sphalerite  are  treated  with 
greater  difficulty;  silver  contained  in  manganese  min- 
erals can  be  recovered  only  by  special  treatment. 

Flotation  is  the  generally  practiced  method  of  concen- 
tration of  silver-bearing  ores,  whether  they  are  the  pre- 
cious metal  or  base  metal  type.  Figure  2  shows  the 
flotation  practice  at  the  mill  of  the  Kelly  (California 
Rand)  silver  mine  in  San  Bernardino  County  (Hulin, 
1925,  p.  120). 

Silver  in  base  metal  ores  follows  their  processing 
through  smelting,  described  in  sections  on  copper,  lead 
and  zinc  in  this  bulletin,  and  is  ultimately  recovered 
in  the  precious-metal  sections  at  the  smelters  or  refineries. 

Beneficiation  and  extractive  metallurgical  processes 
for  silver-bearing  ores  are  schematically  illustrated  in 
figure  3. 

Silver  Refining.  If  the  extraction  of  sliver  from  pre- 
cious metal  ores  is  effected  by  cyanide  treatment  or  amal- 
gamation, the  precipitate  or  sponge  from  the  amalgam 
respectively  must  be  melted  to  obtain  a  bullion.  Such 
bullion  contains  both  silver  and  gold  and  usually  some 
base  metals.  A  gold-  and  silver-bearing  bullion,  known 
as  dore  bullion,  is  a  product  resulting  from  the  metal- 
lurgical treatment  of  precious  metal  or  base  metal  ores 
at  a  smelter.  The  silver  and  gold  from  both  types  of 
bullions  can  be  separated  by  a  dry  process,  by  acid  part- 
ing, or  by  one  of  several  electrolytic  methods. 

The  dry  process  most  commonly  used,  the  Miller  proc- 
ess, involves  the  conversion  of  silver  to  silver  chloride 
in  the  molten  bullion.  Chlorine  gas  is  introduced  into 
molten  bullion,  and  the  resulting  impure  silver  chloride 
is  further  refined  to  pure  silver  (Wagor,  1945,  pp.  275- 
276).  This  method  is  restricted  to  the  treatment  of  bul- 
lion containing  relatively  small  proportions  of  silver. 
At  the  Homestake  Mine,  South  Dakota,  silver  bullion 
is  refined  by  this  method  and  averages  about  980  fine 
(Dorr,  1950,  pp.  205-206). 

Refining  of  silver  by  acid  parting  usually  involves 
the  use  of  sulfuric  acid ;  nitric  acid  can  be  used  but 
normally  is  more  expensive.  The  process  consists  of 
several  steps  (Wagor,  1945,  pp.  276-278)  :  (1)  blending 
bullion  lots  so  that  the  proportion  of  silver  to  gold  lies 
within  the  range  of  2-^:1  to  4:1;  (2)  melting  blended 
bullion  and  granulating  or  casting  into  thin  slabs;  (3) 
acid  treatment  in  cast  iron  pots;  (4)  recovery  of  gold 
from  residues;  and  (5)  recovery  of  silver  from  the  silver 
sulfate  solution  by  precipitation,  usually  effected  by 
copper  replacement.  The  silver  precipitate  then  is  melted 
and  east  into  bars. 

Electrolytic  refining  processes  (Wagor,  1945,  pp.  278- 
287)  have  supplanted  acid  parting  systems  at  most  re- 
fineries. Two  processes,  the  Moebius  and  Balbach,  are 
used  for  silver-predominant  bullion,  and  the  Wohlwill 
process  is  used  for  gold-predominant  bullion.  At  the 
Selby,  California,  smelter  of  the  American  Smelting  and 
Refining  Company,  the  Moebius  process  is  used  to  treat 
dore  bullion,  and  the  resultant  sludge  is  treated  by  the 
Wohlwill  process  to  recover  the  gold.  In  both  the  Moebius 
and  Balbach  processes,  a  bullion  anode  is  subjected  to 
electrolysis  in  an  electrolyte  composed  of  a  weak  solu- 
tion of  silver  nitrate  and  containing  excess  nitric  acid. 
Silver  crystals  are  collected  at  the  cathode,  which  in  the 
Moebius  system  is  a  thin  strip  of  pure  silver  and  in  the 
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Figure  4. 


Balbach  system  is  a  graphite  plate.  The  two  processes 
differ  also  in  the  positioning  of  the  anodes. and  cathodes, 
in  the  cell  construction,  and  method  of  collecting  the 
silver  crystals.  Gold  is  left  in  a  sludge  and  is  treated 
separately. 

Theoretically,  fine  silver  would  be  1000  fine,  but  the 
standard  in  this  country  is  999.  Reputable  refineries 
usually  maintain  a  product  of  999.2  to  insure  the  accept- 
ance of  their  silver  (Leach,  1953,  p.  380).  Modern  re- 
fining methods  can  produce  such  fine  silver  that  copper 
is  sometimes  added  to  bring  the  fineness  down  to  the 
accepted  standard.  The  fineness  of  the  silver  is  stamped 
upon  each  bar. 

Marketing.  International  trade  in  silver  is  dominated 
by  the  regulations  of  the  various  governments.  The  Bank 
of  Mexico  has  been  a  particularly  powerful  influence  as 
it  purchases  and  sells  silver  so  as  to  stabilize  the  price 
as  much  as  possible. 

All  domestically  mined  silver  is  purchased  by  the 
United  States  Treasurj^  mostly  through  smelters.  Gov- 
ernment purchase  of  newly  mined  domestic  silver  dur- 


ing the  past  two  decades  was  started  by  presidential 
proclamation  in  1933  at  a  price  of  64.4  cents  per  ounce, 
and  continued  at  various  prices  until  1939,  when  the 
price  was  set  at  71.11  cents.  An  act  of  July  31,  1946, 
set  the  price  at  90.5  cents  per  ounce,  and  this  act  still 
governs  the  price  of  all  newly  mined  domestic  silver. 
Except  for  a  period  during  World  "War  II  years,  when 
much  silver  was  channeled  directly  into  industrial  use, 
the  Treasury  has  acquired  all  new  silver  in  the  United 
States. 

Smelters  will  purchase  ores  and  concentrates  contain- 
ing silver,  but  do  not  make  payment  for  all  of  the  silver 
contained.  The  smelter  payment,  which  is  normally  based 
on  the  Treasury  price,  depends  on  the  type  of  ore.  In 
order  for  the  smelter  payment  to  be  based  upon  the 
Treasury  price  for  silver,  the  seller  must  execute  an  affi- 
davit stating  the  date  the  silver-bearing  ore  was  mined 
and  the  ownership  of  such  ore.  Payment  for  silver  con- 
tained in  precious  and  base-metal  concentrates  and  ores 
is  outlined  in  the  accompanying  table  (Bramel,  1948,  pp. 
165-166,  and  open  schedules  from  several  smelters). 
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I'djinient  for  silver  in  precious  and  hase-mefal  concentrates  and  ores. 

Type  of  ore  Percentage  of  silver  Minimum  amount  of 

paid  for  silver  paid  for 

Gold  and  silver Of)  (1  ounre  per  ton 

minimum  deduction)  1  ounce 

Copper 95 

Lead 05  (1  ounce  per  ton 

minimum  deduction )  1  ounce 

Zinc 80  1  ounce 

During  1954  the  New  York  price  for  foreign  and  sec- 
ondary silver  was  constant  at  85.25  cents  per  onnce.  Fig- 
ure 4  shows  the  trend  of  silver  prices  since  1897. 
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SODIUM  CARBONATE 

By  William  E.  Ver  Planck 


Approximately  half  of  the  natural  sodium  carbonate, 
commonly  called  soda  ash,  produced  in  the  United 
States  is  obtained  from  California;  the  remainder  comes 
from  a  single  operation  in  Wyoming.  Although  natural 
sodium  carbonate  compounds  comprise  less  than  10  per- 
cent of  the  sodium  carbonate  produced  in  the  United 
States,  west  coast  industries  consume  natural  sodium 
carbonate  almost  exclusively.  Most  of  the  sodium  car- 
bonate produced  in  the  United  States  is  manufactured 
from  common  salt  by  the  ammonia-soda  or  Solvay 
process,  in  which  ammonia  and  salt  are  combined  with 
carbon  dioxide  obtained  by  calcining  limestone  with  coke. 
Ammonia-soda  plants  are  ordinarily  located  near  sup- 
plies of  salt,  coke,  and  limestones. 

Geology  and  Mineralogy.  Sodium  carbonate  is  a 
very  soluble  salt  that  is  found  in  the  brines  of  certain 
springs  and  saline  lakes  and  in  deposits  formed  by 
the  evaporation  of  sodium  carbonate  brines.  Trona 
(NaoCO^-NaHCOs -21120)  is  the  most  common  sodium 
carbonate  mineral.  It  is  a  very  soluble,  gray  or  yellow- 
ish, translucent  mineral  that  occurs  in  fibrous  or  colum- 
nar masses  or.  less  commonly,  in  cleavable  plates.  Natron 
(NaaCOs -101120)  is  a  very  soft  mineral  that  readily 
dehydrates  on  exposure  to  dry  air.  Additional  sodium  car- 
bonate minerals  include  thermonatrite  (NaoCo3-H20), 
nahcolite  (NaHCOg),  burkeite  (2Na2S04-NaoC03),  and 
hanksite   (9Na2S04-2Na2C03-KCl). 

The  onlj^  deposit  of  sodium  carbonate  minerals  that 
is  being  worked  in  the  United  States  is  near  Green 
River,  Wyoming.  Although  sodium  carbonate  brines  have 
long  been  known  in  that  area  and  were  worked  for  sodium 
carbonate  prior  to  World  War  I,  sodium  carbonate  min- 
erals were  first  encountered  in  1938  in  a  test  well  drilled 
for  oil.  In  the  discoverv  well  saline  minerals  occur  in  the 
630  foot  interval  between  1190  feet  and  1820  feet.  They 
include  trona,  northupite  (MgC03-Na2C03-NaCl),  pirs- 
sonite  (Na2C03-CaC03-2H20).  gaylussite  (NasCOa- 
CaC03-5H20),  and  two  additional  minerals,  shortite 
(Na2C03-CaC03)  and  bradleyite  (Na2P04-MgC03), 
that  were  first  found  here  (Smith,  1942).  The  saline 
minerals  occur  for  the  most  part  as  crystals  disseminated 
in  clay  near  the  base  of  the  Green  River  (Eocene)  for- 
mation. A  section  about  10  feet  thick,  however,  is  com- 
posed of  trona  that  is  notably  free  from  traces  of 
chloride  and  sulfate  and  contains  only  about  5  percent 
of  insoluble  matter.  Further  test  drilling  revealed  that 
massive  trona  forms  a  flat  to  gently  dipping  bed  at  a 
depth  of  about  1500  feet  beneath  a  30  square  mile  area. 

Localities  in  California.  All  of  the  sodium  carbonate 
produced  in  California  is  obtained  by  three  plants  from 
the  brines  of  Searles  Lake  and  Owens  Lake.  These  lo- 
calities and  the  methods  of  recovery  are  described  in  the 
general  section  on  salines  in  this  bulletin.  As  mentioned 
in  that  section,  Searles  Lake  contains  two  porous,  brine 
saturated  crystal  bodies,  the  upper  and  larger  of  which 
is  approximately  71  feet  thick,  and  the  lower,  35  feet 
thick.  The  upper  brine  contains  4.80  percent  sodium 
carbonate  and  the  lower  brine,  6.78  sodium  carbonate. 
Owens  Lake  contains  a  crystal  body  similar  to  those  of 


Searles  Lake  except  that  its  maximum  thickness  is  9 
feet  and  the  sodium  carbonate  content  of  the  brine 
ranges  from  11.98  percent  in  winter  to  16.62  percent 
in  summer. 

The  brines  of  Mono  Lake,  Mono  County,  and  Borax 
Lake,  Lake  County,  also  contain  sodium  carbonate  and 
deposit  trona  upon  evaporation.  Mono  Lake  is  compara- 
tively distant  from  markets,  and  its  brine  is  far  below 
saturation.  The  climate  is  not  favorable  for  solar  evapo- 
ration. The  small  Borax  Lake,  which  has  an  area  of 
only  200-300  acres,  is  estimated  to  contain  a  maximum 
of  23,000  tons  of  sodium  carbonate  (Averill,  1947). 

Workable  bodies  of  sodium  carbonate  minerals  have 
not  been  found  in  California.  The  crystal  bodies  of 
Searles  Lake  and  Owens  Lake  consist  of  intimate  mix- 
tures of  salts  such  as  trona,  hanksite,  halite,  and  borax 
that  cannot  be  profitably  mined  at  present,  but  maj^  be 
potential  reserves.  Efflorescent  crusts  containing  trona 
and  thermonatrite  occur  in  Death  Valley  and  on  the 
margins  of  many  playas.  One  of  the  largest  deposits  of 
this  type  in  California  is  the  trona  reef  along  the  east 
side  of  Searles  Lake,  for  which  the  town  of  Trona  was 
named.  An  analysis  (Gale,  II.  S.,  1915,  p.  294)  shows 
that  the  reef  is  composed  of  insoluble  matter  and  soluble 
salts  and  contains  less  than  50  percent  trona.  Deposits 
of  this  type  are  too  small  and  too  low  in  sodium  carbo- 
nate to  be  of  present  economic  interest.  About  1908,  a 
company  attempted  to  produce  crude  alkali  from  this 
material  but  did  not  get  into  production. 

Methods  of  Recovery.  Nearly  all  sodium  carbonate 
brines  are  complex  and  contain  relatively  high  propor- 
tions of  bicarbonate,  sulfate,  chloride,  and  borate.  There- 
fore, the  recovery  of  marketable  sodium  carbonate  from 
them  is  comparatively  difficult.  Under  favorable  circum- 
stances solar  evaporation  is  applicable  to  unsaturated 
brines,  and  on  Owens  Lake  trona  contaminated  with 
several  percent  of  insoluble  matter,  chloride,  and  sul- 
fate was  recovered  from  the  late  1880 's  to  1921.  The 
trona  was  calcined  to  yield  soda  ash  about  95  percent 
pure.  The  evaporation  of  saturated  brines  such  as  the 
present  Owens  Lake  brine  and  Searles  Lake  brine  yields 
complex  salts  that  cannot  be  easily  separated.  The 
American  Potash  &  Chemical  Corporation,  however, 
evaporates  the  upper  brine  of  Searles  Lake  in  vacuum 
pans  and  obtains  a  concentrated  liquor  from  which 
potash  and  borax  are  obtained.  Sodium  chloride  and  the 
double  salt  burkeite  (2Na2S04-Na2C03)  crystallize  in 
the  evaporators  and  are  removed  as  solids.  Further  treat- 
ment of  the  burkeite  yields  sodium  sulfate  and  soda  ash 
99J  percent  or  more  pure.  This  soda  ash  is  a  granular 
product  having  a  bulk  density  of  60  pounds  per  cubic 
foot  that  is  called  dense  ash. 

The  chilling  of  a  sodium  carbonate  brine  results  in  the 
crystallization  of  natron  (Na2CO3-10H2O)  which  can  be 
dehydrated  to  soda  ash.  If  sulfate  is  present,  however, 
the  natron  is  likely  to  be  contaminated  with  mirabilite 
(Na2SO4-10H2O),  with  which  it  crystallizes  isomor- 
phously. 

Carbonation  is  another  process  used  to  recover  sodium 
carbonate  from  brines.  Carbon  dioxide  is  bubbled  through 
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brine-filled  towers,  and  a  comparatively  insoluble  sodium 
carbonate  compound  crystallizes.  With  brines  that  con- 
tain less  than  about  9  percent  sodium  carbonate,  sodium 
bicarbonate  forms ;  but  with  brines  rich  in  sodium  carbo- 
nate such  as  that  of  Owens  Lake,  sodium  sesquicarbonate 
(trona)  forms.  The  crystals  of  bicarbonate  or  sesquicar- 
bonate are  then  calcined  to  produce  soda  ash.  The  carbo- 
nation  process  is,  in  many  respects,  like  the  ammonia-soda 
or  Solvay  process  in  which  ammonia  gas  is  dissolved  in 
sodium  chloride  brine,  and  the  ammoniated  brine  is  car- 
bonated to  yield  sodium  bicarbonate.  Carbonation  must 
be  carefully  carried  out  to  produce  uncontaminated 
crystals  coarse  enough  for  efficient  separation  from  the 
mother  liquor.  The  calcination  of  precipitated  bicarbo- 
nate or  sesquicarbonate  yields  light  soda  ash,  a  fluffy 
material  having  a  bulk  density  of  35  pounds  per  cubic 
foot  or  less  and  with  a  high  proportion  of  its  particles 
in  the  minus  100  mesh  range.  Dense  ash  of  50-65  pounds 
per  cubic  foot  density  is  prepared  by  adding  enough 
water  to  the  light  ash  to  produce  the  monohydrate 
(Na2CO.s-H20).  An  agglomerated  soda  ash  results  from 
the  drying  of  the  monohydrate  and  the  removal  of  its 
water  of  crystallization. 

At  Searles  Lake  the  American  Potash  &  Chemical  Cor- 
poration carbonates  the  lower  brine,  whereas  the  West 
End  Chemical  Company  Division  of  Stauffer  Chemical 
Company  carbonates  a  mixture  of  the  upper  and  lower 
brines.  Both  plants  obtain  sodium  bicarbonate  from  the 
carbonating  towers.  The  light  ash  obtained  by  calcining 
the  bicarbonate  is  not  marketable,  but  washing  and 
drying  steps  change  it  to  dense  ash  more  than  99^  per- 
cent pure.  At  Owens  Lake  the  Pittsburgh  Plate  Glass 
Company,  Columbia  Chemical  Division,  operates  a  com- 
paratively small  carbonation  plant.  The  carbonation  of 
the  brine  results  in  the  formation  of  sodium  sesquicar- 
bonate which  is  either  dried  and  marketed  or  calcined  to 
light  ash. 

The  trona  deposit  near  Green  River,  Wyoming,  is 
owned  by  the  Intermountain  Chemical  Corporation,  a 
joint  subsidiary  of  Food  Machinery  and  Chemical  Cor- 
poration and  National  Distillers  Products  Corporation 
(Chem.  Eng.,  1953;  Romano,  1952).  A  plant  of  300,000 
tons  per  year  design  capacity  was  completed  in  1953  at 
a  cost  of  $20  million.  This  cost  included  $2  million  spent 
for  exploration,  the  perfection  of  a  low  cost  mining 
method,  and  the  development  of  a  refining  process.  Trona 
is  mined  at  the  rate  of  2,500  tons  a  day  by  methods  and 
equipment  similar  to  those  employed  for  mining  coal. 
The  crude  trona  is  first  refined  by  dissolving  it  in  water 
and  recycled  mother  liquor,  clarifying  the  solution  with 
thickeners  followed  by  filtration,  and  reprecipitating 
trona  (sodium  sesquicarbonate)  by  evaporation.  The 
sodium  sesquicarbonate  is  then  converted  to  light  ash  in 
a  rotary  calciner,  and  facilities  have  been  installed  to 
change  a  portion  of  the  light  ash  to  dense  ash. 

Uses.  Soda  ash  is  one  of  the  most  useful  alkali  mate- 
rials, and  it  is  consumed  in  greater  quantity  than  any 
other  industrial  chemical  except  salt  and  sulfuric  acid. 
In  addition,  it  is  usually  used  in  the  preparation  of  other 
sodium  compounds  because  it  is  comparatively  cheap  and 
reacts  readily  with  most  other  chemicals.  For  some  uses, 
caustic  soda  (NaOH)  is  a  substitute  for  soda  ash,  par- 
ticularly if  the  consumer  purchases  soda  ash  and  causti- 


cizes  it  before  use;  but  for  many  purposes  soda  ash  has 
no  substitute. 

The  largest  use  for  soda  ash  in  California  is  in  the 
manufacture  of  glass,  and  the  estimated  consumption 
for  this  purpose  is  in  the  order  of  150,000  to  200,000  tons 
a  year.  Probably  the  next  largest  use  is  in  soap  and 
cleansers ;  and  smaller  amounts  are  consumed  in  petro- 
leum refining,  water  softening,  the  treatment  of  certain 
ores,  and  in  the  manufacture  of  chemicals  such  as  sodium 
phosphates,  sodium  nitrate,  sodium  silicate,  sodium  bicar- 
bonate, and  washing  soda  (Na2CO3-10H2O).  Uses  that 
require  significant  amounts  outside  of  California  include 
the  preparation  of  alumina  for  reduction  to  aluminum, 
the  soda  pulp  process  of  preparing  piilp  from  hard- 
wood, the  manufacture  for  sale  of  caustic  soda  by  the 
lime-soda  process,  and  the  production  of  sodium  sesqui- 
carbonate. In  California  this  compound  is  recovered 
directly  from  brine  at  Owens  Lake. 

Common  glass  is  composed  of  69  to  72  percent  Si02 
obtained  from  silica  sand,  13-15  percent  Na20  obtained 
from  soda  ash,  12i-13|  percent  CaO  obtained  from  lime- 
stone, and  smaller  amounts  of  several  other  oxides.  Pure 
silica  has  such  a  high  melting  point  and  such  a  high 
viscosity  that  it  cannot  be  made  into  glass  by  ordinary 
methods.  When  soda  ash  and  limestone  are  fused  with 
silica,  the  carbonates  lose  their  carbon  dioxide;  and  the 
sodium  oxide  and  calcium  oxide,  combining  with  the  sil- 
ica, form  a  glass  with  reduced  melting  point  and  viscos- 
ity that  can  be  fashioned  into  useful  articles.  Glass  that 
contains  only  silica  and  sodium  oxide  is  water  soluble. 
Although  it  has  no  value  as  commercial  glass,  it  is  com- 
monly crushed  and  dissolved  to  yield  sodium  silicate 
solutions  for  a  host  of  purposes.  Both  the  glass  and 
sodium  silicate  industries  specify  dense  soda  ash.  In  the 
glass  industry,  uniformity  in  all  raw  materials  is  insisted 
upon  because  even  slight  changes  result  in  non-unifoim 
glass  that  cannot  be  handled  in  automatic  fabricating: 
machines. 

In  the  soap  and  cleanser  industry  soda  ash  and  modi- 
fied sodas  (sodium  bicarbonate  and  sodium  sesquicar- 
bonate) are  added  to  powdered  soap  to  provide  a  speci- 
fied alkalinity.  Some  soap  is  made  by  neutralizing  fatty 
acids  with  soda  ash,  but  most  soap  is  produced  by  the 
saponification  of  fats  and  oils  with  caustic  .soda.  The 
large  quantity  of  caustic  soda  consumed  formerly  was 
obtained  by  causticizing  soda  ash  at  the  soap  plant,  but 
present  practice  is  to  purchase  caustic  soda.  In  petroleum 
refining,  products  treated  with  sulfuric  acid  are  neutral- 
ized with  dilute  caustic  soda  prepared  from  soda  ash. 
In  water  softening,  soda  ash  with  lime  hydrate  is  used 
to  precipitate  calcium  and  magnesium  compounds. 

Markets  and  Price.  Except  for  small  quantities,  which 
are  handled  through  chemical  supply  houses,  all  sales  of 
soda  ash  are  made  by  producers '  salesmen  directly  to  the 
consumers.  Because  soda  ash  is  a  comparatively  inexpen- 
sive commodity,  freight  charges  comprise  a  significantj 
part  of  the  price  that  the  consumer  pays.  Surrounding' 
every  producer  is  an  area  within  which  he  can  deliver  his 
product  for  less  than  it  can  be  obtained  from  another 
producer  at  a  different  locality.  The  area  within  which 
the  delivered  price  of  soda  ash  produced  in  California  is 
less  than  that  of  soda  ash  produced  by  eastern  ammonia- 
soda  plants  is  confined  to  the  West  Coast,  and  its  caster: 
limit  lies  west  of  Salt  Lake  City.  Since  Wyoming  sodi 
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.ish  was  placed  on  the  market,  sales  of  California  soda 
,isli  have  declined.  Wyoming  ash  is  competitive  in  the 
northwestern  states,  and  it  is  also  used  in  California  by 
plants  whose  owners  have  a  financial  interest  in  the 
Wyoming  operation.  California  producers  expect,  how- 
<ver,  that  the  continued  growth  of  industrial  develop- 
ment in  the  West  will  gradually  restore  the  markets 
iliat  have  been  lost. 

In  1955,  dense  soda  ash  sold  for  $35  per  ton  f.  o.  b. 
(  alifornia  plants,  in  bags,  carlots. 
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SODIUM  SULFATE 


By  William  E.  Ver  Planck 


California  contributes  80  to  90  percent  of  the  sodium 
sulfate  produced  from  natural  sources  in  the  United 
States.  Only  a  quarter  of  the  national  production,  how- 
ever, was  derived  from  natural  sources.  Sodium  sulfate 
is  a  bj'-product  of  several  chemical  processes,  and  addi- 
tidual  amounts  are  imported  into  the  United  States, 
principally  from  western  Canada.  The  California  pro- 
tluetion  comes  from  Searles  Lake,  San  Bernardino 
County. 

Geologic  Occurrence  and  Mineralogy.  Natural  sodium 
sulfate  occurs  in  the  brines,  crystal  bodies,  and  efflores- 
cent crusts  of  playa  lakes  and  as  beds  in  sedimentary 
rocks.  Mirabilite  (Na2SO4-10H2O)  and  thenardite 
(Na2S04)  are  the  common  sodium  sulfate  minerals. 
Mirabilite  forms  needle-like  crystals  resemblinfi:  the 
pyroxenes  in  shape.  It  generally  occurs  as  crusts  or 
efflorescences.  It  is  a  very  soft,  white  mineral  with  a 
vitreous  luster,  and  it  ranges  from  transparent  to 
opaque.  It  is  quite  soluble  in  warm  water,  but  much  less 
so  in  cold  water.  When  exposed  to  dry  air  it  loses  its 
water  of  crystallization  and  falls  to  a  fine  powder. 

Thenardite  is  a  white  or  brownish  mineral  that  forms 
euhedral  crystals  and  masses  of  anhedral  grains.  It  is 
very  soluble  in  water,  and  its  solubility  decreases  as  the 
temperature  is  raised.  Either  mirabilite  or  thenardite 
can  be  prepared  by  evaporating  a  solution  of  sodium 
sulfate.  Below  a  temperature  of  32-38°  C.  crystals  of 
mirabilite  form,  while  at  higher  temperatures  thenardite 
crystallizes. 

Other  minerals  that  contain  sodium  sulfate  are  glaser- 
ite  (3K.S04-Na2S04),  blSdite  (MgS04-Na2S04-4H20), 
glauberite  (Na2S04- CaS04),  hanksite  (ONaaSOi- 
2Na2C03KCl),  and  burkeite  (2Na2SO4-Na2C03). 

Localities.  In  California,  sodium  sulfate  is  currently 
produced  only  from  the  brines  of  Searles  Lake  which 
are  treated  at  the  plants  of  the  American  Potash  & 
Chemical  Corporation  and  the  West  End  Chemical  Com- 
pany. These  operations  are  described  in  the  section 
on  salines  in  this  bulletin.  The  American  Potash  & 
Chemical  Corporation  produces  two  grades  of  sodiimi 
sulfate:  salt  cake,  containing  97  percent 'Na2S04;  and 
desiccated  sodium  sulfate,  containing  99.3  percent 
Na2S04.  The  West  End  Chemical  Company  produces  a 
single  grade  containing  about  99|  percent  Na2S04. 

The  American  Potash  &  Chemical  Corporation  also 
recovers  sodium  sulfate  in  a  separate  operation  by  spray- 
ing raw  brine  in  a  prepared  area  on  the  lake  surface.  The 
brine  is  thus  chilled  sufficiently  for  the  crystallization  of 
mirabilite,  which  falls  from  the  spray  as  a  solid.  Spray- 
ing is  done  only  in  winter  because  during  the  summer 
the  brine  is  not  chilled  enough  in  the  hot  air  to  cause  the 
crystallization  of  mirabilite.  The  crude  mirabilite  is 
scraped  up,  brought  to  the  main  plant,  and  refined  in 
the  soda  products  process  to  the  grades  noted  above.  Out- 
side of  California,  natural  sodium  sulfate  is  produced  in 
Texas,  Wyoming,  and  western  Canada.  It  is  or  has  been 
produced  in  Chile,  Italy,  Spain,  Russia,  Egypt,  and  parts 
of  Asia. 


Deposits  at  several  other  localities  in  California  have 
yielded  sodium  sulfate  in  the  past.  From  1937  until  late 
in  1948,  it  was  produced  by  Dale  Chemical  Industries, 
Inc.,  and  its  predecessors  at  Dale  Lake,  San  Bernardino 
County  (Wright  et  al.,  1953,  pp.  220  and  240,  241). 
This  deposit  was  first  explored  by  drilling  between  1920 
and  1924.  Dale  Lake  contains  lenticular  beds  of  mixed 
thenardite  and  halite  separated  by  impervious  clay. 
Thenardite-halite  lenses  are  as  much  as  40  feet  thick, 
and  the  salt-clay  series  extends  to  at  least  308  feet,  the 
deepest  hole  drilled.  The  salt  beds  are  permeated  with 
sodium  chloride-sulfate  brine  containing  about  22  per- 
cent NaCl  and  7  percent  Na2S04.  In  the  early  1940's 
some  thenardite  was  mined  from  an  outcrop  on  the  south- 
west side  of  the  lake.  A  marketable  product  proved  to  be 
difficult  to  produce  from  the  bedded  material,  and  the 
principal  production  has  been  from  brine  obtained  from 
wells  sunk  to  a  depth  of  250  feet  in  the  thenardite-halite 
beds.  Several  schemes  have  been  employed  for  recovering 
sodium  sulfate  from  the  brine.  In  tlie  most  recent  process 
mirabilite,  obtained  by  spraying  the  brine  in  winter,  was 
converted  to  anhydrous  sodium  sulfate  by  heating  with 
steam  and  the  addition  of  sodium  chloride.  The  sulfate- 
free  brine  from  this  process  was  evaporated  in  solar 
ponds  for  the  recovery  of  common  salt.  Although  Dale 
Lake  probably  contains  several  million  tons  of  sodium 
sulfate,  its  recovery  is  hampered  by  the  comparatively 
long  distance  from  Amboy,  the  nearest  railroad  loading 
point. 

In  the  Durmid  Hills,  Imperial  County,  thenardite  and 
blodite  occur  in  folded  Tertiary  shale  and  sandstone  beds 
(Sampson  and  Tucker,  1942).  The  sulfates  are  exposed 
over  an  area  half  a  mile  wide  and  about  3,000  feet  long, 
and  beds  3  inches  to  5  feet  thick  have  been  encountered. 
Some  mining  by  open  cut  has  been  done,  but  the  opera- 
tion was  abandoned  because  of  the  high  magnesium  sul- 
fate content  (4  percent). 

Sodium  sulfate  has  been  obtained  from  Soda  Lake,  San 
Luis  Obispo  County,  which  occupies  the  lowest  part  of 
an  undrained  basin  between  the  Caliente  and  Temblor 
Ranges  (Franke,  1935;  Gale,  1914).  A  crust  of  mirab- 
ilite, little  more  than  an  inch  thick,  covers  an  area  of 
from  2,800  to  3,000  acres,  but  in  filled  channels  the  mi- 
rabilite is  up  to  6  feet  thick.  Beneath  the  crust  is  a  brine- 
permeated,  greenish-gray  mud  containing  crystals  of 
mirabilite  and  blodite.  The  deposit,  although  thin,  is  esti- 
mated to  contain  over  a  million  tons  of  mirabilite.  Some 
production  was  obtained  by  dissolving  the  crust  in  place, 
collecting  the  brine,  and  recrystallizing  sodium  sulfate 
in  ponds  by  solar  evaporation. 

Mirabilite  crystals  are  disseminated  through  the  mud 
in  parts  of  Dauby  Lake,  San  Benardino  County 
(AVright,  1953,  tabulated  list,  p.  190).  A  few  carloads 
of  sodium  sulfate  crystals  have  been  mined  and  shipped 
from  small  mushroom-shaped  deposits  in  the  central  part 
of  Danby  Lake  west  Saltmarsh  Station. 

Additional  deposits  have  been  noted  in  Black  Basin 
in  Old  Dad  Mountains  and  at  Emerson  Lake,  60  miles 
east  at  Victorville,  California,  but  neither  deposit  has 
been  developed   (Tucker  and  Sampson,  1930,  p.  322). 
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Figure  1.  Open  cut  at  Bertram  sodium  sulfate  deposit,  Im- 
perial County.  Thenardite  and  blodite  occur  In  folded  Tertiary  shale 
and  sandstone  beds.  The  deposit  was  last  worked  about  1940. 

Sodium  sulfate  is  present  in  the  brines  of  Owens  Lake 
and  Mono  Lake  but  is  not  recovered  commercially. 

Methods  of  Recovery.  Most  natural  sodium  sulfate  is 
recovered  by  techniques  that  are  more  related  to  the 
chemical  industry  than  to  the  mining  industry.  In  Cali- 
fornia at  least  two  deposits  of  the  natural  mineral  the- 
nardite, the  surface  deposit  at  Dale  Lake  and  the 
Durmid  Hills  deposit,  have  been  worked  by  open  cut 
methods.  Neither  was  pure  enough  for  the  recovery  of  a 
marketable  product  by  techniques  such  as  crushing  and 
screening. 

Sodium  sulfate  is  commonly  recovered  from  natural 
brine  or,  more  rarely,  from  solutions  prepared  by  dis- 
solving impure  or  disseminated  sodium  sulfate  minerals 
in  water.  Under  favorable  conditions  mirabilite  or  glau- 
ber  salt  (Na2S04 -101120)  can  be  recovered  from  brine 
by  solar  evaporation.  More  often  advantage  is  taken  of 
the  temperature-solubility  relations  of  sodium  sulfate  to 
recover  mirabilite  by  chilling  the  brine,  which  in  many 
cases  can  be  accomplished  by  refrigeration  or  by 
spraying. 

Anhydrous  sodium  sulfate  is  produced  by  driving  off 
the  water  of  crystallization  from  mirabilite,  a  compara- 
tively difficult  step.  Above  about  90  degrees  F.  the  solu- 
bility of  sodium  sulfate  decreases  with  increasing  tem- 
perature, and  most  types  of  dehydrators  are  inefficient 
because  of  the  build-up  of  scale  on  heat  transfer  surfaces 
and  walls.  In  one  successful  method,  anhydrous  sodium 
sulfate  is  crystallized  from  a  solution  of  mirabilite  in 
water  by  burning  fuel  below  the  surface.  In  another,  the 
addition  of  sodium  chloride  to  a  hot  sodium  sulfate  solu- 
tion causes  the  crystalization  of  anhydrous  sodium  sul- 
fate. 

Uses.  The  principal  uses  of  sodium  sulfate  are  in  the 
manufacture  of  sulfate  or  kraft  pulp  for  paper,  syn- 
thetic detergents,  and  glass,  and  in  stock  feeds.  In  Cali- 
fornia the  production  of  sodium  sulfate  is  substantially 
greater  than  the  consumption,  and  most  of  the  produc- 


tion is  shipped  out  of  the  state  to  kraft  pulp  mills.  The 
pulp  industry  consumes  70  to  80  percent  of  the  United 
States'  supply  of  sodium  sulfate.  In  the  kraft  or  sulfate 
process  for  making  pulp,  sodium  sulfate  is  reduced  with 
carbonaceous  material ;  and  a  solution  containing  sodium 
sulfide,  caustic  soda,  and  sodium  carbonate  is  obtained. 
Wood  chips  are  cooked  in  this  solution  to  dissolve  the 
lignin  and  free  the  cellulose  fibers.  This  process  can 
employ  a  relatively  low  grade  of  sodium  sulfate;  a 
purity  of  95  to  97  percent  Na2S04  is  satisfacory. 

The  greatest  uses  for  sodium  sulfate  in  California  are 
in  synthetic  detergents  and  common  lime-soda  glass. 
Additional  amounts  are  used  in  ceramics,  metallurgy, 
and  for  stock  feeds.  In  detergents  sodium  sulfate  serves 
as  a  builder  and  bulking  agent;  desiccated  sodium  sul- 
fate of  99  percent  or  higher  grade  is  specified.  In  Ameri- 
can glass  making  plants,  sodium  sulfate  is  a  minor 
ingredient  in  the  batch  used  for  refining  the  bath.  Com- 
monly sodium  sulfate  of  98  percent  purity  is  specified. 

Price.  In  1955  the  price  of  salt  cake  in  bags  was 
$26.50  per  ton  f.o.b.  Trona. 

Marketing.  Most  sodium  sulfate  enters  the  market  as 
salt  cake  or  crude  anhydrous  sodium  sulfate  containing 
92  to  99  percent  Na2S04.  The  name  salt  cake  is  also 
applied  to  deposits  of  the  natural  mineral  thenardite. 
Other  commercial  sodium  sulfate  compounds  include 
desiccated  or  anhydrous  sodium  sulfate,  which  has  a 
NaoS04  content  of  99  percent  or  more,  and  glauber  salt 
(Na2S04 -101120).  Glauber  salt  is  used  for  special  pur- 
poses in  comparatively  small  amounts.  Even  though  it 
is  an  intermediate  product  in  the  West  End  Chemical 
Company's  process,  none  is  sold.  Sodium  sulfate  prod- 
ucts are  sold  in  carload  lots  directly  to  the  consumers 
by  producers'  salesmen.  Less  than  carload  lots  are 
handled  through  chemical  supply  houses. 

Much  of  the  supply  of  sodium  sulfate  is  a  by-product 
of  several  chemical  processes.  Of  a  total  LTnited  States 
output  in  1953  of  about  one  million  tons,  34  percent 
came  from  the  Mannheim  process  of  manufacturing  hy- 
drochloric acid  from  sulfuric  acid  and  salt,  25.1  percent 
from  natural  deposits,  25.0  percent  from  the  manufac- 
ture of  viscose  rayon,  10  percent  from  the  manufacture 
of  chromium  chemicals,  and  5.9  percent  from  miscel- 
laneous chemical  processes  including  the  manufacture  of 
formic  acid,  boron  chemicals,  lithium  chemicals,  and 
phenol  sulfonation  (Chem.  Eng.  News,  1955).  The  sup- 
ply of  sodium  sulfate  tends  to  vary  with  the  activity  of 
these  industries  which  in  turn  depends  upon  complex 
and  seemingly  unrelated  economic  factors.  Hydrochloric 
acid,  for  example,  is  currently  produced  by  the  diri'ct 
synthesis  of  chlorine  and  hydrogen  as  well  as  by  Mann^ 
heim  plants.  Chlorine  is  commonly  obtained  by  the 
electrolysis  of  brine,  a  process  which  also  yields  caustic 
soda.  The  supply  of  sodium  sulfate  from  Mannheim 
plants  depends,  therefore,  not  only  on  the  demand  fur 
hydrochloric  acid  but  also  on  factors  such  as  the  avail- 
ability of  sulfuric  acid  and  the  relative  demand  for 
chlorine  and  caustic  soda. 

About  the  year  1927,  plants  making  hydrochloric  acid 
by  the  direct  synthesis  of  chlorine  and  hydrogen  partly 
displaced  the  Mannheim  acid  plants,  and  the  supply  of 
bj'-product  sodium  sulfate  declined.  At  the  same  time 
there  was  an  increasing  demand  for  sodium  sulfate  in  tlie 


Sodium  Sulfate — Ver  Planck 


545 


kraft  pulp  industry.  Imports,  particularly  from  Ger- 
many, satisfied  the  demand  for  a  time,  but  since  the  out- 
break of  World  War  TI  imports  have  been  small.  Interest 
in  natural  sodium  sulfate  has  been  stimulated.  Since  the 
war,  the  output  of  by-product  sodium  sulfate,  which  is 
imperfectly  correlated  with  demand,  has  fluctuated. 
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SPECIALTY  SANDS 

By  Thomas  E.  Gay,  Jr. 


California's  1955  output  of  64,815,628  short  tons  of 
sand  and  g:ravel,  valued  at  $66,351,853,  led  the  nation. 
In  recent  years  sand  and  gravel  has  continuously  ranked 
third  in  value  among'  the  state's  mineral  products,  and 
was  headed  only  by  petroleum  products  and  cement. 
About  99  percent  of  this  output  is  used  as  aggregate, 
but  in  1952,  the  most  recent  year  for  which  figures  are 
available,  California  yielded  at  least  587,562  tons  of 
specialty  sands,  valued  at  $1,938,415  (Otis  and  Jensen, 
1955,  pp.  4-8).  About  54  percent  of  the  specialty  sand 
tonnage  was  used  in  glass  making,  about  21  percent  for 
sandblasting,  about  12  percent  for  engine  sand,  about  10 
percent  for  foundry  sand,  about  3  percent  for  filter 
sands  and  other  specialty  sands. 

The  special  sands  used  in  California  are  obtained 
mostly  at  localities  within  the  state  and  consist  largely 
of  material  from  Recent  beach  and  dune  deposits  and 
early  Tertiary  sandstone. 

California  contains  no  known  sand  deposits  that  com- 
pare in  quality  with  the  higher  grade  sand  in  the  east- 
ern states,  such  as  the  Ordovician  St.  Peter  sandstone 
which  is  extensively  exposed  and  quarried  near  Ottawa, 
Illinois,  and  which  consists  almost  entirely  of  nearly 
perfectly  rounded  quartz  grains.  It  is  widely  used  in 
the  United  States  for  exacting  specialty  sand  purposes. 
Despite  high  transportation  costs,  at  least  25,000  tons 
of  this  sand  are  brought  into  California  each  year, 
mainly  for  steel  foundry  and  glass-making  purposes. 
Several  tens  of  thousands  of  tons  of  specialty  sand  also 
are  brought  into  the  state  each  year  from  Nevada. 

Industries  that  use  specialty  sands  are  concentrated 
in  heavily  populated  areas,  such  as  the  San  Francisco 
and  Los  Angeles  areas  where  nearly  all  glass,  foundry, 
and  sandblasting  sand  is  used.  Engine  and  filter  sand, 
and  some  of  the  minor  types  of  specialty  sands,  are 
used  over  wider  areas  of  the  state. 

Nature  of  Specialty  Sands.  The  term  "specialty 
sand"  (or  "special  sand")  is  applied  to  sand  used  for 
purposes  other  than  for  aggregate,  ballast,  or  fill. 
Specialty  sands  generally  have  rigid  physical  and  chemi- 
cal specifications,  and  are  used  in  much  smaller  quanti- 
ties than  ordinary  sand.  Some  specialty  sands  include 
particles  of  gravel  size  (larger  than  a  qiiartcr  of  an 
inch ) . 

Most  specialty  sands  are  obtained  from  the  purest 
available  sand  deposits  that  can  be  economically  worked. 
A  high  content  of  quartz  makes  the  sand  physically 
durable  and  chemically  inert,  and  also  provides  silica 
as  an  ingredient  of  glass  and  soluble  silicates.  Clay  is 
generally  undesirable  mainly  because  it  coats  sand 
grains  and  interferes  with  the  usefulness  of  the  sand. 
Only  in  naturally  bonded  foundry  sands  is  clay  a  de- 
sired admixture.  Both  clay  and  iron-bearing  minerals 
constitute  chemical  impurities  in  sands  for  use  in  the 
manufacture  of  glass  and  soluble  silicates. 

Sand  from  most  specialty  sand  deposits  can  be  used 
in  several  ways.  A  single  deposit,  for  example,  could 
yield  sand  suitable  for  sandblasting  sand,  engine  sand, 
or  foundry  sand.  Sands  from  some  deposits  are  espe- 
cially suited  to  a  single  use,  and  hence  command  rela- 


tively high  prices.  The  purest  quartz  sands  are  most 
prized  for  use  in  glass.  Some  clay-rich  sands  are  used 
only  as  naturally  bonded  foiindry  sands,  and  "gani- 
ster." 

Uses  such  as  glass  and  soluble  silicate  manufacture 
require  sand  so  clean  that  rigorous  cleaning  and  benefi- 
ciation  are  ordinarily  required.  Sand  to  be  used  for  less 
exacting  purposes,  such  as  for  sandblasting  and  engine 
sand,  commonly  require  little  or  no  washing.  Sand  from 
some  deposits  is  clean  enough  and  of  the  right  size  for 
these  uses  witliout  any  processing. 

Although  nearly  all  clay-free  special  sand  is  suited 
for  use  as  aggregate  sand  (concrete  and  plaster  sand), 
the  sands  of  higher  qualitj'  are  more  valued  as  specialty 
sands.  Plaster  sand,  also  discussed  in  this  volume  as  a 
type  of  aggregate,  is  mentioned  under  specialty  sands 
because  its  specifications  are  similar  to  those  of  specialty 
sands,  and  it  is  obtained  from  many  of  the  specialty  sand 
deposits  in  California. 

For  most  uses,  the  physical  properties  of  specialty 
sands  are  more  important  than  chemical  properties.  The 
chemical  composition  is  held  to  rigid  specifications  only 
in  the  production  of  glass  and  soluble  silicates.  For  such 
uses  as  sandblasting,  hardness  and  durability  are  the 
essential  characteristics;  in  others,  such  as  filter  media, 
close  size  grading  is  essential.  High  temperature  of 
fusion  is  desired  in  sands  for  foundry  and  certain  cer- 
amic uses,  and  the  presence  of  a  certain  proportion 
of  clay  is  essential  in  naturally  bonded  sand  for 
foundry  use. 

Deposits  and  Operations  in  California  (Table  1). 
In  California,  as  well  as  elsewhere,  deposits  from  which 
specialty  sands  can  be  mined  are  much  less  common 
than  the  deposits  that  contain  aggregate-grade  mate- 
rial. In  California,  most  specialty  sand  is  obtained  from 
Recent  beach  and  dune  deposits,  and  from  Tertiary 
sedimentary  rocks;  relatively  minor  quantities  of  Re- 
cent alluvial  sand  are  processed  for  specialty  uses. 

Recent  beach  and  dune  sands  along  the  Pacific  Ocean 
have  constituted  the  principal  source  of  specialty  sands 
in  California.  In  general  these  sands  contain  a  lower 
proportion  of  quartz,  and  a  higher  proportion  of  feld- 
spar, dark  mineral  grains,  and  rock  fragments  than  the 
Tertiary  sandstones  that  are  mined  for  high-silica  spe- 
cialty sands.  Beach  sands,  therefore,  are  used  mostly 
for  sandblasting,  engine,  and  foundry  sand,  and  for 
minor  applications  that  do  not  require  high-purity 
silica  sand.  Most  beach  sand  deposits  are  measurable 
in  many  millions  of  tons,  have  little  or  no  overburden, 
and  can  be  mined  inexpensively. 

Most  of  the  beach  and  dune  sand  that  is  mined  in 
California  for  specialty  uses  is  obtained  from  two  areas 
in  Monterey  County;  one  is  immediately  southwest  of 
Pacific  Grove,  and  the  other  is  along  the  shore  of  Mon- 
terey Bay,  north  of  Monterey.  The  deposits  southwest 
of  Pacific  Grove  are  unlike  other  beach  sand  deposits 
in  California  because  of  their  uncommonly  white  color, 
and  general  lack  of  clay,  iron-bearing  minerals,  and  rock 
fragments.  They  consist  of  about  53  percent  quartz 
grains;   46.5   percent   feldspar,   and   0.5   percent   other 


(547) 


548 


Bulletin  176 — Mineral  Commodities  of  California 


-;    0.       •*    3 

•s  s  =  "^  -^ 
£  .2  S  "   . 

0.>    "    ^    OJ 

oo  PL,  ^  a  o 

^    ^    E 

*©  6  "^  00  « 
o  S  o  •«  '5 

3    O    S    M  OJ 

-o  'S  *v  'e:  3 
£  "■g'S  O 

i  "§s 

g  S  SoS 
o 


■2  °-2*" 
<N  £  S  "  ^ 

3    ■-   0  3 

»0  00  »-■  "O  ^3 
05  t-  rt  P  C 
T-i  C^l  j3    03    ea 


£    ■  — 


^  •  » 

-    3    ee  T 

"       OP 
>>.S   o"" 

3     S   • 

3    «    rt    C 

^  §!=§§■ 

1)    *     tH    rt      I 
3H    >    «Tf 


K^ 


c    ^ 
o  c 

(S  Tl  OO" 

||| 

^n  o. 
o 


B  3^  d  ^  Q< 

=  E  2 

4)    O  — S    ^  ^ 


^  a 


_i  ^  -^ 

g  §  o 
£  a 

«-s  g 
--  "  a 
S  S  X 


m.2m 


O 


a,  ^    . 


Si 
11-2 

fl  I  s 


**  3  ^ 

I  _  "*  ic  ^ 

■2^0. 


m   o 

go. 


1Q2  .. 


sl  d^ 


o  £  S; 

5  ?  © 


ll^-l 


:S 


■p.  «   <8 


d  «  a  3 

d  g<N  S 

|2S 
o,  d  ■» 


e-2  s-s 


•3  g'S 
Si"  »  » 


0|3    • 

fl  »  «  b  a 


S  g  .9  -5 


^"  5  T3  .2 

no   0)    cj   5 
>    >-'    S 

oi  cd  S  ^ 

S  S  2  g 

>  o  u  c 

ills 

Sf  o  ^  d  -c 

g  o   ft  oj  -a 


«  9  c 

0)    °    d 

.S  g'S 
•mo-" 


«  .-  s    • 
|3Q2 


S  5  S-2 


u  d 


O    K 


go    0      .  "U    2 

2  .  SS^ 

2  >"  a  _  M 
«  o  ^  t 
TS  .,  M  a  o 


I2J 


3^^ 


4)  J2    « 

«3  -^__ 


d^  a 

.      OS    o    « 

-d  3  « 


■o  A 


15 


s 


a, 

05 


■  -■o  d  » 

S§  gs 

_«     (B  •«     3 


3  es-o 


ill 


^J  d 
O 


a  '- 


S    ^    3 

a  S  ° 


Z 


d  _  d 
0  o  o 

III 

,^l 

PI 

:3  X  w 
o  to 

"  a  S 
S  ja  o 

& 


I  d  32 

3  ^'*'  ^ 

a  T)    -  ° 

-  =  ii 


Ss?' 


"all 
«  Sf  «  8 

■c  ca      r3 
*>       >i  a 

£  B  fe  a 

a  i^  d 

d-3  s| 
§  S  S  o 

a     OQ    OD    !> 


—  -u 

a  .B 


s.2-i 

S  a  i      "OS 


^  Qj  ja  o 

e  g  -  J=  S 

■^       a  X  g 

a  «  "  ^  ' 

S  a  2  a  c 

^  -  I  -9  fe 

3  So'  ■' 


e  a 


a  3  |.t^  s 

d  a  >,  3 

2  g-o  a 
-.,••'«=  a  ,- 

1-2  dig 


.»  o  S  d  < 


»3  a 


o  d 


a 

o   fc-   ^    ~    " 
w  o  o  sg  a 


;        _  a   0  ~ 

gSJs-ss 


■o  «  o 

S  .9  0. 

Sax 
»  a  0 


lit 
111 

O     O     d 

o  a  M 


9  § 

>i  3  tj 

""ad 

«    a  ■ 

^^d 

a  a  g  .s 

ill 

a  0  0  B 

S  d  2 

3;g.l^ 

£'"  t. 

■0      S'S 

5P  -,  s: 

5  >.l-" 
a  S       0 

2  cr  S 

s4§s 

II 


l-l 

-it 


Is 

1} 


£  =  9 

a  o 
a  ojO 


a 

03     . 


§5 


a 

■a 

9 


S 


3  * 
00 


d  ^ 
■fta  " 


a 

o 


o  a 


sl 


S  d 


000  s 


Specialty  Sands — Gat 


549 


■°  e » ;  =•  S 

■s|>.SS2 

S    O  ^  OS    s.   ^ 

C        ^  '"'  ^  ^ 


,5       S  ■* 
'3  i  &■» 

J2  §,S  J3 

a  8  eS 

a  3  u  a 

X    so   O  ^ 

-  £  o2„ 

o  a>  ©      O 

■S  J    M  S  « 

§  « .5  I  6 
n 


■*i  ,3     03     OS  OS 

£  c  S  '^  -c 

>^  Q)      .  S 

■^  M  2  «; 

cd  c:  ¥  •- 


-&  ^   M  9  "^ 

.2  3  .S        2 

-  "  -9 1  w 

«  £  £  S^  a 


c  «  b  J,  o 
.2  -S  ®  S  "3 

"  *  5  s 
a       go. 

D.J3  «  —  -- 
.2  »  *  ? 

■Q  lO  o   .- 


V    O    si 


J  s  § 


be 


•s.£-s  «  E 

.  g  .2  o  "S 
to  K  *^  *s  t-H 
I  £  2  a 

OS    01    g    fc.  -^ 


E  -  >.si 

rt   oj   C  '-' 

C    S    3    3 
4    o 


i:  S  T  '^  "^ 
g  g  >  OOW 


c.  " 


-6a- 


.5 


•ass 


a  S  2** 
j3  "H  ■!  a  " 


185: 


S  i  .S  .  >. 


'to  e  ^  ' 

a  a)  £ 

—  Saga 

^  g  °  B  « 

- '"  o  S3  a 

a  a;        >  2 

.2  i  a  a 

» t;  3  "o  E  t-: 

Q 


■^  -r  -c 
a  a  J! 


V    fl 

>.-Sog 
.a  .-  a)  **" 

>,^  o 

«    C    41  ^ 

g  §  £  £ 

0)  c   «  ^ 


_S-o 


«   3   6 


■T3   ■>-"£ 

4)    ®    rt 

s  «  = 
°-  I 

BJ'S 

a  ^  * 

S  to 
•0^0 


a  a  a 

a 


•3    5  ,B 

S1S'« 

"I2 

I   O    »  9 

S  -^  a  S 
o      ---a 

-^  .i:  t,  .2 

>    V   B    i2 

«  S.2  S 
gia-g 

w 


O    " 

&'^-o 


-  «-■    H    >i 

S^.21 
a  js  o  « 

-S    B!C    «> 


-    3    t-    P 


?  a  )d    -  a 

^    {U  ^    B    Qj 

o  £  3  o  « 


SJ-2    -«-3. 

=  l'|geE 

3  »i  ai'  B  0 

5  a      ■«  ■«  S 


&     -2  "  &S 

>>        w   c     -  o 

S  ^  .1  b  S  .2 


rt    O    ^    JT    ' 

>•        *i  ^  ^ 

13.2  2  £ 

35       E  g 

2  -n  «  "^  E 

^     S     O     3     r- 
«     «     3     rt  -^ 


•s  h 


fc    b 


a  Sj  S  Ef  J3 

4)    #  p    O 


aj.S   6   o 
>   C   fe   0) 


Igg'E^I 
£  S-o  -S 

1S||£§ 
a  «  j3  "  S  s 

S  Sa||  £  S 
^.e-  ".  E  a  g 


O 


•9  ^  S  »  >.  - 
•o  S  ^  .S  0  a  g^ 
a^  §-|2-S  =■ 
S'Si  g  a  sS 

«  S  a  ti-  S* 
■g  o  g  .S  g  £  2 


=3b 


=  b 


>1  <c 


:i'.i 


en    M 


^  „  3 

^  a  o 
^  ti  a 


§■3    • 
S      S 

g  a 
a  a  A 


•ss-^-gl 

't-    ^   OS    fl 

fl  '-^^  >.  * 

B  ss  2  '-  2; 

S  =^"0  2 
J  fl  +*  S  fl 

i  '3  *  o  £ 


T3    fl-^ 

fl  o-S 

d    u   S 

■0--0 

3-0  S 
O    B    »> 


'  ss 


o 


M    OD    u;    a 

•7   2  fl   o 

cd    bC  *>    go 


Es^^g 


.2  "  ^  S 


■O3 
2 


£-0 


-  oi  ■ 


-o-o 

a  «  d  ^  d  1/2 
D 


fl      -S 

4)  O    »- 
U  to    OS 

■Oj:  a 
•SE:S 

O    "i 


-o  a  £ 

g  S  a 

a  B  o 

li  'S  " 
u   a 

E"S  " 

111 

0  -i  S'S 
5  a  o  -^ 


Of  o  3  o 

0,0    «    «  jg 

^J.2  w  a 

"11  i^ 


:s  >  »ii  s  fl     :2  -3  , 


§1^  g-3^ 

S  -5  ^  S  ,  •" 

i   S  H  it^ 


r»  a 


£S 


4}   .M      C 

"  u,2 


^  a 


3  S  =  a  S 

^  S  ">" 
>i  a  © 

*>'?  £  ft:;: 


>.w^ 


_;  I" 

*    4> 

"   '  3-5 


w-S  S  a 


«    *  ' 


.as. 


•&-?s|l£.sa 

=  i-.e.2cs¥c:4J 
(I4 


-  fl  "T^  ,2  o  a 
o  43-g3co  3 

o  « .3  S 

«  o  „  S^  fl 
^   V  fl  +3  o  -is 


^TS  o  a  rt)  g  *J 
"  S  a  o  7!  «  '« 
9 .9  'C  =^  -2  S  2 


s  -a  a 
a  -£  a 
w  gt» 
m    -   . 

•c  o  .2  a 
.2^  a  o 
■o  o  go 

g'S  2 
.2  a  a  a 


S'g 

.2  S 

B   qj 
a  M  ^ 

tst       ^ 

C9    fl    3 

a  o  tn 

O  5     Q) 


J^ 


«  1-^     . 

^  >. 

fl  <B    fl 

o3  4>    3 

3 


O    00    u> 

S  =* 

Ob       >» 

■«<!  a"a 

1    o  -o 

a       ^  •£ 
a  n-"«  ■" 


££ 


o  o 

S   9 

o  o 

s  a 
14 


f  S  c 


o 


fc-  "s  © 
o3  > 


a  a 

s« 


§ 

a 


1 


M 

II 


550 


Bulletin  176 — Mineral  Commodities  of  California 


>  T3    C 

g  » 
X  B  a 

•a  »!o 

OS  -£    M 

5  ca  .S 


■2  a. 9 


?,QS 


t"    ?*    c3 

« .2  s  «= ; 


'i^ 


>,  (U   >,  o  O 

c  - 


M-i 


«      CO    (31    Tf* 


S  :0"; 


§  o  >. 
O 


■3'5  SS 


■aos5 

•3    .^S 
3  o  2  -• 

.3   Qj  OQ  ^ 


3  SP^  6 


X  o  .2  „- 


L2.az 


S-a„ 

■S  S2 
o  ^  o 


0  s  ti  ^ 

i  $.2  & 

S  "  3  a   - 

I-  S  1^ 

«  2  '"      oi 

a  s  .1  i  s 

£ "  :§  fe 

a  o  >>^    . 
O 


.2  S  2  '^ 

cc       o 

*"  S  ca  ^ 
OSS  " - 

■--    D.  g        CO 

i-  a'r  ato 
as  o  >>>o  . 
S  -^  a  2  ft 
»  H  *  -^  ft 

5  2""  3 3; 
fc;  S  <-  0  2 


2  (0.2  >.  M 


C) 


a. 

=5 


a 


13  tc  eS 
a  C  ^ 
3  '^  — 

O      !»  ~ 

t,  o  c 
^3  2- 


^^1 

3  t-.  T) 

G   d   * 


c  ?  S 


<u 


<L 


»    O    S 

5  "  *  c 

§    §    BO 

a  o  OS  V 
ft  £ 
o  2  o  « 


OS  ^^ 


c;  S  <s 


t*  ca  S  c: 

n  >»  SS 

I  t-  c  fl 

B  *3  iS  o 


1^ 

■g    ft 

I*     -  m 

S  >.-3 


s  i 


s^ 


5  = 


°  .o 


3.    £     „T3 

o  o-o  g 

*^  ^  Ti 

|.sSl 

ss  si 

C    g    CXI 

S  t  ■^  ^ 

s  o'3  9 
a  —  □•  E 

»  b   -  ^  "^S 

1  tj   r   Kj   o   S 
S    3    =  ^^    C 

ft -^     lU     CQ     <^ 

t.         t-  ^    OS 
en    OS    EC  ^    a 


)  s  3  a 

-   o    CT  (U 


-»   on  '^ 


s  a  s 


2  o  ■"  -S  S       c 
■■S  -o  3  g  2  .2  ^ 

*    0)    J    >    ™J   ■" 
■,  .JS     C3     "^     S     O     5 

«^-«  .&«" 
S3  fe  =  "  a  ' 
<»  ^  -2  .2  -,  "S  ' 
a  01  'S  ■S  "^  ■; 
•a  -E  -a  S  o   J 


e-g.s  a 


T3  13    S  • 

.^  -^  13  S 

o  ::=   0)  3 

3  g  T) 


a  S  3 


•S3 


ft  o-S   E 

13  *s^a 

sea® 
§2  35 

C     n.    Q.   o 


flS    (-    c 

to  -Q  .a 


-« J"  ^  rt 
<o  -r  ♦s  .5 


2  5  5  >.'H 


11 


ft 

■c 

g 


:2  S  S.2  . 

S|i3  SSj 

?      S     O     O    4i 

S  §  g  -2  -S 

g   *j     t;     t-    " 
"     ED  CD     0)     00 

ss  ''s  S  V? 

O    «  ^  *^    0) 

-    .  o 


-o  -5  o  d 

CI  -g  +^  « 


*    S    o    S 


■Hi 


.2  t 


OI 


b£  d 


3  ^    ^CO    I 


ffl     __     H  — 


ft  d  b 


0)  . 


q  a:  e  c! 


^.   d  'E  V 
^  o  V  if 


o 

:  d  ^^ 

=>  o  ^  p 

3    t-    <«    < 

S  ftf^;.^ 
So  Jg 

Q  .«        a) 

geQ 
.3     .Oft 

OS  o  V  a> 
^  •*   ftu 


a;  c 
-ti  a)  a> 

O    3 


^[§■32 


U     t»     09 


:  CO  <»  d 

d   o   O 


O  ^    g 
£5  (c  (h 

o  .  .2 


CD     >1    ID     I 

t:  -^  -5  ; 


g  d  -g 


^■l 


>>'ft.2, 
■E.ft  5? 
§-3H 
PLi 


3  a-9 
S  ft.SS 


£-§5-3 

ft<^   ^   V 


13-  §    g  13  S 

o  3  .2  a  «; 

'■5  •§  p  ""  o 
g  c  E  N'' 

•aS-g  o  as 
13  -2  ^  _  ^ 

3      V      L   ^    "S 


2  9  a)  "  'E 

3  -3  a  «  s 

1  S  "  -S  I 

S:3  a j:  a 


X*  a      "^  a  o 
fe  a)  **-  -2  ^*  %- 


S=  s  s 

>'S-S 

t=§ 

£S 


s-g  a 


-I 

■aO 


II 

•Jo  >, 

S    3   O 


d  o  o 
OH  § 


f!^ 

^  a 

So 

*«-t   o 

OS 

■*»   cS 

|s 

d   g 


Tl 

^  c 

0 

to 

i"  a 

£• 

i.l 

.S-o 

si 

41 

M    1 

^i 

U 

2:r« 

I 


gs 


o  J 
is 
I" 


.s  i 

«  S 


r=  13 

S    OJ 


Specialty  Sands — Gat 


551 


2  If 


SJ.ti 

■^    on    - 

8-Sl 

0)  "^    S  " 

>  8.3  =! 

o   ^   3     • 


S  -s  -s .» 

t-    C    w 

-S  o  '2  == 
o  "?,  >«  c)  d 
E  S  °  te  a 
^  3  j:  5.  . 
•s  T3  *e  o  00 


t)  an 

=  ■2  „ 

o  =  s  * 

_    0)  «  _- 

d  ^  «  X 


at  -«    U    t< 


73  CI  ofe 


"£t3  ^ 
(u  o  9- 
a  •-  a 


Ld 

'" 

V 

■n 

£ 

^ 

is 

o 

>.T3 

^ 

^ 

-T3 

rr 

u 

^  lO  > 
--  CO  [> 

2l^ 


■°£ 

e  — 

'.s'e 

a 
CO 


O  O   >> 


c  a." 


£.20) 
S    *   S 


o 

B-c 


w    o    w 

2  E  g 


»  S  a 


ft 


S  aj2 
<a 

£  t:  ^-  *- 

*S  °  o 

►-  —  **" 

a>  (B  t:  — , 

-a  a^  o 
3  +^  b  to 

pa 


5-«   £   >. 


a  g 


E  «5 


O 


>.g 


OS  0: 

2; 


il 


S-2 


=3b 


3  -a. 2 


=  85 
3  ? 


T3  .i 

«  S 

2  S  S 

S  is 

^  V  5 

o  >>g 

III 


t) 

1 

^ 

0  S 

^ 
S 

.:>: 

U 

j3 

1  ^ 

£: 

0 

in 

^•^ 

«:> 

s 

CM 

5? 

1? 

a 

>S 

"S 

o     .    '^ 


O  _.   "  •: 

2  w  fl  J 

—    aJ    n 
'Y  U)  o 


■«   a   ¥ 


C  i_  c 
-,  oj  oi 
Do 


-T3  _--0 

2  c  = 


s  =■  s  >< 


<u 


5:s 


.9  «     -T?  o's-:. 


i  ■"  *^ 


E  .2  J3 


>.  S  .S  2  - 

3j  03  ca  c  >, 


o  K  <n  t 

OJ    5^  7 
O    3J    <u 


=:  ■-  M 

i-§,° 

3       a 

O    c3 
-OS- 

III 


®  CJ     U     bi, 

o  3i  «  ^ 

"  6  .2 

-  c  1.  S  " 


'  S  »  a  >>9 


•5  b  =  .s  ■ 

S  "-"  = 
2  o  3-S 

§  S  s  «■ 

5  V  »    - 


"S 

3 

0 

s-^ 

1 

4) 

s 

5 

"ifl 

2 

riii 

^ 

e: 

^.-a 

"S 

_    ed    g  .«    g    O 


.  --        v  ^ 


O   Elij- 


ah «"  c  ,_ 


3    oj    oJ   c    > 


§2 


a  a 


Us 

•iu 

^«-s 

0 

ea 

So 


3  c 

oi  — 


•J  HO 


S3  oj 

(3  £-s 

'*;  «  a 
a  >  3 

<<bSo 
c-ol 


M   w    > 

§15 
5 


1 


I 


3  a 


tfr^ 


552 


Bulletin  176 — Mineral  Commodities  of  California 


MAP    OF    CALIFORNIA 
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SPECIALTY    SAND    DEPOSITS 
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minerals,  including  biotite,  ilmenite,  garnet,  zircon,  and 
monazite  (Valentine,  P.  C,  personal  communication, 
1954).  Nearly  all  sand  grains  pass  a  20-mesh  sieve,  and 
one  or  two  percent  pass  a  100-mesh  sieve.  Some  of  this 
sand,  after  washing  and  drying,  is  used  as  clay-free 
foundry  sand.  Some  of  it  is  beneficiated  to  remove  irou- 
bearing  minerals;  part  of  the  iron-free  product  is  sep- 
arated into  nearly  pure  fractions  of  quartz  and  feldspar. 
The  iron-free  sand  is  used  mainly  for  glass  manufacture 
and  stucco.  The  quartz  product  is  used  for  glass  and 
foundry  purposes,  and,  when  finely  ground,  for  ceramic, 
refractory,  and  abrasive  uses,  and  as  a  filler.  The  feld- 
spar fraction  is  used  mainly  in  the  glass,  ceramic,  and 
cleanser  industries. 

The  east  shore  of  Monterey  Bay  is  formed  entirely 
of  dune  sands,  which  consist  largely  of  feldspar  grains, 
and  have  appreciably  higher  iron  content  than  the  Pa- 
cific Grove  sand,  both  as  ferromagnesian  minerals  and 
as  ferruginous  coatings  on  the  quartz  and  feldspar 
grains.  This  sand  is  sold  with  no  treatment  except 
washing  and  screening,  mainly  for  use  as  sandblasting 
and  foundry  sand,  and  for  plaster  and  concrete  sand. 

At  Oceano  Beach,  San  Luis  Obispo  County,  a  dune 
area  several  square  miles  in  extent  yields  clean  feld- 
spathic  sand  that  is  unusually  fine-grained,  and  closely 
graded  in  grain  size;  about  90  percent  of  the  grains 
are  retained  on  the  100-  and  140-mesh  sieves.  This  sand 
is  sold  unprocessed,  mainly  for  use  as  foundry  sand, 
but  locally  for  sandblasting  and  engine  sand. 

At  El  Segundo,  Los  Angeles  County,  ordinary  feld- 
spathic  dune  sand  is  obtained  for  use  as  sandblasting, 
foundry,  and  engine  sand.  Much  of  the  wet  material 
is  dried;  otherwise  little  or  no  processing  is  done.  The 
El  Segundo  sand  is  favored  by  its  proximity  to  the  Los 
Angeles  market,  and  its  resultant  low  transportation 
cost. 

Most  of  the  beach  and  dune  sands  in  northern  Cali- 
fornia contain  large  proportions  of  dark  mineral  grains 
and  dark  rock  fragments,  and  have  been  much  less  ex- 


tensively used  as  specialty  sands  than  those  from  Mon- 
terey Bay,  and  southward. 

In  the  1950 's  all  but  a  very  small  part  of  the  spe- 
cialty sand  recovered  from  the  beaches  of  California  is 
being  obtained  in  about  13  operations:  two  at  Pacific 
Grove;  four  to  six  on  Monterey  Bay;  one  at  Oceano 
Beach;  and  four  to  six  at  El  Segundo. 

In  California,  some  of  the  highest  quality  silica  sands 
are  obtained  from  sedimentary  sandstone  formations  of 
early  Tertiary  age.  Although  less  pure  than  the  silica 
sands  mined  in  Illinois  and  Missouri,  they  form  the 
principal  source  of  supply  for  the  glass  industry  of 
California.  Tertiary  deposits  that  have  yielded  sand  for 
specialty  uses  include  Paleocene  deposits  south  of  Co- 
rona, Riverside  County,  and  in  the  Trabuco  Canyon 
area,  Orange  County;  and  Eocene  deposits  near  lone, 
Amador  County;  Oceanside,  San  Diego  County;  Tesla, 
Alameda  County;  and  in  the  Nortonville-Somersville 
and  Brentwood  areas.   Contra   Costa   County. 


Figure  2.  Recent  dune  sands  at  Pacific  Grove,  Monterey 
County,  worked  by  Del  Monte  Properties  Company  and  Owens- 
Illinois,  mainly  as  source  of  glass  sand.  Deposit  largely  depleted  by 
1956.  Belt  conveyor  and  raw  sand  surge  pile  (left)  of  Del  Monte 
Properties  Company.  (Photo  courtesy  Del  Monte  Properties  Com- 
pany). 


Figure  3.  Reocnt  duno  s.-nid  iIi'ik.sh  m"  :  .  miles  south  of 
Pacific  Grove,  Monterey  County.  Pit  opened  in  1055  by  Del  Monte 
Properties  Company,  as  source  of  glass  sand. 

These  deposits  consist  essentially  of  quartz  grains  and 
clay,  with  a  low  percentage  of  partly  decomposed  feld- 
spar, and  very  small  proportions  of  heavy,  resistant 
minerals  such  as  garnet,  epidote,  zircon,  magnetite,  and 
ilmenite.  They  are  exposed  in  belts  that  range  from 
several  thousand  feet  to  several  miles  long,  are  ordi- 
narily about  25  to  200  feet  thick,  and  dip  gently  to 
moderately.  They  have  been  mined  mostly  by  open-pit 
methods.  If  it  is  to  be  used  for  glass  sand,  the  mined 
material  requires  beneficiation  to  remove  clay  and  iron- 
bearing  minerals.  The  high-quality  clay  recovered  from 
the  beneficiation  of  these  sands  in  the  lone  and  Trabuco 
Canyon  areas  is  valued  for  ceramic  uses.  Sand  from 
these  depo.sits  is  also  used,  with  relatively  minor  treat- 
ment, for  foundry  sand  and  less  common  uses. 

In  1956,  ten  operations  were  active  in  these  high- 
silica  sandstones  of  early  Tertiary  age.  One  was  at 
lone,  Amador  County;  one  at  Camanche,  Calaveras 
County;  one  near  Corona,  Riverside  County;  four  in 
the  Trabuco  Canyon  area.  Orange  County;  one  near 
Oceanside,  San  Diego  County;  one  near  Tesla,  Alameda 
County ;  and  one  near  Antioch,  Contra  Costa  County. 
Those  near  lone,  Camanche,  Corona,  and  Oceanside  pro- 
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duced  sand  mainly  for  use  in  glass ;  those  near  Trabuco 
Canyon,  Tesla,  and  Antioch,  mostly  produced  foundry 
sand. 

Post-Eocene  Tertiary  sandstones  are  very  widespread 
and  abundant  in  California,  but  they  have  not  been  ex- 
tensively mined  as  sources  of  specialty  sands.  Their 
chai-acteristically  high  feldspar  content  and  the  low 
quality  of  their  contained  clay  prevent  them  from  com- 
peting with  earlj'  Eocene  sandstones  as  sources  of  high 
quality  silica  sands  or  ganister. 

Their  relatively  high  degree  of  consolidation,  and  con- 
sequent high  expense  of  preparation,  makes  them  less 
desirable  than  dune  sands  as  sources  of  sandblasting  and 
engine  sands.  One  of  the  higher  quality  later  Tertiary 
sandstones  is  the  upper  Miocene  Santa  Margarita  for- 
mation, which  is  quarried  near  Felton,  Santa  Cruz 
County,  mainly  for  aggregate  use.  Pleistocene  and  Plio- 
cene beds  in  Ventura  County,  and  Pliocene  beds  in  San 
Diego  County,  and  west  of  Millbrae,  San  Mateo  County, 
are  sources  of  foundry  sand. 

Mining  Methods.  Almost  all  of  the  specialty  sand 
produced  in  California  is  mined  by  open-pit  methods 
(table  1).  Blasting  is  required  only  in  the  relatively 
well  consolidated  Eocene  sandstones  obtained  in  the 
Trabuco  Canyon,  Tesla,  Brentwood,  and  Nortonville- 
Somersville  areas.  Bulldozers  and  rippers  are  used  to 
loosen  material  at  Oceanside,  lone,  and  several  of  the 
naturally  bonded  foundry  sand  deposits  in  southern 
California.  Excavating  equipment  includes  power 
shovels,  draglines,  clamshell  excavators,  screw-type  ex- 
cavator-loaders, bulldozers,  carryall  scrapers,  and  slack- 
line  cable  draglines. 

Hydraulic  methods  are  used  at  Camanche,  both  to 
loosen  the  bedded  sand,  and  to  elevate  loosened  material 
out  of  the  pit.  Raw  material  is  conveyed  to  the  several 
plants  as  slurrj'  pumped  through  pipes;  on  belt  con- 
veyors; in  carryalls;  or  in  trucks.  Salable  material  is 
transported  from  treatment  plants,  or  direct  from  de- 
posits, by  truck  or  rail. 

Underground  mining  of  special  sands  occurred  only 
in  the  relatively  thin,  moderately  to  steeply  dipping, 
quartz-rich  Eocene  sandstones  in  the  Tesla,  Brentwood, 
and  Nortonville-Somersville  areas,  mostly  prior  to  1940. 
Adits  as  long  as  2000  feet,  and  room-and-pillar  systems 
of  mining  were  reported  (Davis  and  Vernon,  1951).  The 
only  underground  specialty  sand  operation  active  in 
1956  was  the  Livermore  ganister  deposit  near  Tesla. 

UTILIZATION 

In  the  period  1950  to  1953,  about  half  of  the  550,000 
to  600,000  tons  of  specialty  sands  produced  in  California 
was  used  in  the  manufacture  of  glass,  about  one-fifth 
was  used  as  a  sandblasting  material,  one-eighth  as 
foundry  sand,  and  the  remainder  for  filter  sands,  engine 
sand,  and  a  variety  of  minor  uses.  Relatively  minor  ton- 
nages are  used  as  ceramic  and  refractory  materials; 
nursery,  aquarium,  and  sandbox  sand;  in  golf  sand 
traps,  concrete  pipe,  and  cigarette  urns;  and  as  filler, 
chinchilla  dust,  and  roofing  gravel. 

Glass  Sand.  Glass,  which  consists  essentially  of  silica 
(Si02),  requires  pure  silica  sand  as  its  principal  in- 
gredient. Unlike  most  specialty  sands,  glass  sand  is 
selected  primarily  for  its  chemical  composition  rather 


Figure  4.  Recent  dune  sand  deposit  at  El  Segundo,  Los  An- 
geles County,  used  mainly  for  sandblasting,  engine,  and  foundry 
sand.  Pit  of  Paramount  Sand  Company,  1954. 

than  its  physical  properties.  Most  of  the  many  common 
types  and  grades  of  glass  require  sand  with  a  maximum 
of  silica  and  a  minimum  of  iron;  Feldspar,  in  amounts 
ranging  vip  to  almost  50  percent,  is  acceptable  in  some 
of  the  glass  used  for  containers.  "Amber"  glass  sand, 
which  may  contain  from  0.05  to  as  much  as  0.10  percent 
iron,  is  used  in  colored  glass  containers;  "flint"  glass 
sand,  which  contains  a  maximum  of  0.04  percent  iron, 
is  required  for  all  colorless  glass,  for  containers  or  plate 
glass. 

Excessive  fines  are  undesirable  because  they  carry 
impurities  and  also  tend  to  be  lost  with  the  flue  gases. 
Sands  with  rounded,  angular,  or  subangular  grains  ap- 
pear to  be  satisfactory  (Wiegel  1947,  p.  132). 

A  major  concern  of  glass  sand  producers  is  the  estab- 
lishment and  maintenance  of  consistent  quality  of  the 
sand  produced.  Nearly  complete  mechanization  of  the 
glass  manufacturing  industry  necessitates  consistency 
of  raw  materials  in  order  that  glass-shaping  machines 
may  operate  continuously  and  efficiently  without  fre- 
quent adjustment  for  variation  in  properties  of  the 
molten  glass. 

About  95  percent  of  California-made  glassware  con- 
sists of  containers,  either  clear  or  colored ;  the  rest  is 
optical  glass,  general  glassware  (e.g.  ash  traj^s),  and 
rolled,  rib,  and  wire  glass  (e.g.  shower  doors).  Despite 
the  tremendous  demand  of  California's  large  building 
industry,  all  window  and  plate  glass  is  brought  into  the 
state.  No  plate  glass  manufacturing  plants  had  been 
built  here  by  1956,  mainl.v  because  known  reserves  of 
flint  glass  were  considered  insufficient  to  support  this 
industry.  Since  1952,  however,  methods  and  machinery 
have  been  developed  for  removing  clay,  and  reducing  the 
iron  content  of  previously  unsuitable  sand.  The  con- 
sistent large-scale  production  of  flint  glass  sand  at  lone 
has  shown  that  large  portions  of  the  extensive  lone  for- 
mation are  potential  sources  of  sand  from  which  plate 
glass  could  be  made. 

The  output  of  the  glass  container  industry  in  Cali- 
fornia has  about  doubled  between  1945  and  1955,  stimu- 
lated largely  by  the  state's  phenomenal  population 
growth.  Five  new  glass  container  plants  were  built  in 
the  state  during  this  period,  and  existing  plants  were 
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Figure  5.     Gently  dipping  clayey  sandstone  of  Eocene  lone  loiniaiion  as  exposed  in  test  pit  of  Gladding,  McBean  and 
Company,  and  Owens-Illinois,  near  lone,  Amador  County.  (Photo  hy  Mart  V.  Turner,  1949). 


enlarged.  Increased  use  of  one-way  containers,  substi- 
tution of  glass  for  metal  containers,  and  general  increase 
in  consumption  of  bottle-packaged  goods,  especially  soft 
drinks  and  beer,  in  the  state  have  increased  the  demand 
for  container  glass. 

Since  World  War  II  increasing  amounts  of  high-grade 
silica  sands  obtained  near  Lake  Mead,  Nevada,  have 
been  brought  into  California  for  glass  sand  usage.  An 
estimated  one-third  to  one-half  of  the  glass  sand  used 
in  California  in  1955  came  from  Nevada,  despite  rail- 
road rates  of  about  $3.50  and  $5  per  ton,  to  Los  Angeles 
and  San  Francisco,  respectively.  The  high-silica  Nevada 
sand  commonly  is  blended  with  feldspathie  local  sand  to 
make  container  glass.  The  high  transportation  costs  from 
out-of-state  deposits  have  stimulated  recent  efforts  to 
develop  additional  sources  of  glass  sand  in  California. 

Abrasive  Sand.  Included  under  abrasive  sands  are 
those  used  for  sandblasting,  sandpaper,  stone-sawing, 
glass-grinding  (banding),  and  sweeping  compound. 
Nearly  all  of  the  output  of  abrasive  sand  in  California 
is  used  for  sandblasting  (see  section  on  abrasive  ma- 
terials in  this  volume). 

Sandblasting  involves  the  abrading  or  cleaning  of  sur- 
faces by  the  impact  of  sand  particles  blown  at  high  speed 
by  jets  of  compressed  air.  In  1952,  California  yielded 
121,070  short  tons  of  abrasive  ("grinding  and  polish- 
ing") sand,  valued  at  $372,611  (Otis  and  Jensen,  1955, 
p.  5).  Nearly  all  of  this  was  sandblasting  sand  produced 
from  beach  deposits  in  the  Monterey  Bay  area,  and  from 
dunes  near  El  Segundo. 

Sandblasting  sand  commonly  is  held  to  rather  broad 
specifications.  It  should  be  tough  enough  to  resist  crush- 
ing or  shattering.  Nearly  pure  quartz  sands  are  generally 


considered  to  be  most  practicable.  An  excessively  fine- 
grained or  soft  admixture  is  undesirable.  Small  amounts 
of  more  expensive  garnet  sand  and  glassy  mineral  shot 
obtained  as  a  byproduct  of  mineral  wool  manufacture, 
are  used  for  some  special  metal  finishing  processes  and 
the  sandblasting  of  inscriptions  and  designs  on  polished 


Figure  6.  Gently  dipping  clayey  sandstone  of  Eocene  lone  for- 
mation, exposed  in  operating  pit  of  (Jladding,  McBean  and  Com- 
pany, and  Owens-Illinois,  near  lone,  Amador  County.  Overburden 
stripped  from  left  background.  Dragline  loads  raw  material  in  mov- 
able pit  station  (center)  where  it  is  mixed  to  slurry  and  pumped 
tlirough  pipes  to  fixed  pump  station  (foreground)  for  pumping 
through  pipes  (left)  to  processing  plants.  (Photo  coiirteny  Owens- 
IllinoU,  1955), 
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I'iouKi:  7.  Gently  dipping  sandstone  of  Paleocene  Silveiadd  I'oimaiion  exiiosed  in  iiil  <jt  Uwens-IIlinois  near  Corona,  River- 
side County.  Carryall  scrapers  transport  raw  sand  to  base  of  inclined  conveyor  belts  (left)  which  convey  it  across  Highway  71 
to  plants  (middle  distance)  where  it  is  processed  for  use  as  glass  sand.  Inactive  pit  east  of  highway  is  at  left  of  plant,  behind 
raw  sand  surge  pile. 


stone  monuments.  Steel  and  cast  iron  shot  are  used  in 
certain  metal-finishing  applications.  Opinion  is  divided 
whether  angular  or  rounded  grains  are  more  desirable; 
both  are  widely  and  successfully  used.  Four  main  sizes 
are  in  general  use,  although  few  California  producers 
sell  more  than  two.  Disregarding  small  percentages  of 
coarser  and  finer  material,  the  nominal  sizes  are  No.  1, 
20  mesh  to  48  mesh ;  No.  2,  10  mesh  to  28  mesh ;  No.  3, 
6  mesh  to  14  mesh ;  and  No.  4,  4  mesh  to  8  mesh. 

An  estimated  thousand  tons  of  tough,  uniformly  sized 
sand  approximately  equivalent  to  No.  1  sandblasting 
sand,  are  consumed  each  year  in  California  as  an  abrad- 
ing agent  for  the  sawing  of  marble  dimension  stone.  Most 


of  the  sand  for  this  use  is  obtained  from  the  El  Segundo 
dune  deposits,  and  is  consumed  in  stone-cutting  mills  in 
the  Los  Angeles  area. 

An  estimated  3,000  tons,  or  more,  of  clean,  fine- 
grained, uniformly  sized  sand  are  used  in  California 
each  year  in  sweeping  compound,  used  in  sweeping  large 
buildings.  The  sand  is  used  mainly  to  give  weight  and 
body  to  the  compound ;  abrasive  action  is  intended  to  be 
minor.  Most  of  the  state's  sweeping  compound  is  manu- 
factured in  the  Los  Angeles  area,  with  sand  from  El 
Segundo  dune  deposits. 

Although  long  ago  sand  grains  were  used  as  abrasive 
on  sandpaper,  sand  has  been  almost  completely  replaced 


Figure  8.  View  southward  of  Crystal  Silica  Company  operation  in  Eocene  Tejon  sandstone  near  Oceanside,  San  Diego  County.  Pits 
seen  behind  and  to  right  of  plant  (left  center)  were  Inactive  in  1955.  Portion  of  new  pits  seen  at  left,  just  past  settling  ponds  >n  which  used 
wash  water  is  purified  for  reuse. 
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Figure  9.  Moderately  dipping  middle  Eocene  sandstone  exposed 
in  pit  of  M.  J.  Marchio  in  Nortonville-Somersville  area,  south  of 
Antioch,  Contra  Costa  County.  When  washed,  sand  is  used  in  steel 
foundry. 

for  this  use  by  crushed  garnet  and  artificial  abrasives. 
No  sandpaper  is  manufactured  in  California. 

Engine  Sand.  Engine,  or  locomotive  sand  is  used  to 
(1)  sand  the  track  to  provide  traction  under  the  drive 
wheels  of  locomotives  and  street  cars,  and,  (2)  sand  soot 
from  flues  on  oil-burner  locomotives.  Traction  is  by  far 
the  principal  use.  An  estimated  75,000  tons  or  more  of 
engine  sand  were  produced  in  California  in  1956. 

As  traction  sand  must  be  free-running,  it  is  thoroughly 
washed  to  remove  fines  and  foreign  material.  Both  angu- 
lar and  rounded  grains  are  equally  effective  under  the 
drivewheels,  but  angular  sand  is  preferred  because 
rounded  grains  tend  to  roll  off  the  rail  before  being 
crushed  by  the  wheels. 

Most  of  the  engine  sand  produced  in  California  is  ob- 
tained from  beach  and  dune  deposits  at  El  Segundo  and 
Monterey  Bay,  although  relatively  minor  tonnages  are 
obtained  from  San  Diego,  Ventura,  and  Imperial 
Counties,  and  from  alluvial  deposits  in  the  Great  Valley. 

Foundry  Sand.  In  1952,  the  output  of  foundry 
("molding")  sand  in  California  totaled  61,209  tons, 
valued  at  $208,140,  an  average  value  of  about  $3.40  per 
ton  (Otis  and  Jensen,  1955,  p.  4).  Foundry  sands  are 
those  used  to  make  forms  for  the  casting  of  metal  shapes 
by  foundries.  If  used  to  make  molds  they  are  called 
molding  sands ;  if  used  to  make  cores,  to  form  hollow 
spaces  in  the  casting,  they  are  known  as  core  sands.  The 
main  properties  that  determine  the  suitability  of  a  sand 
for  foundry  use  are  (1)  bond;  (2)  fineness  and  size  dis- 
tribution of  sand  grains;  (3)  refractoriness;  and  (4) 
durability. 

All  foundry  sands  require  a  binder,  such  as  clay,  to 
preserve  the  shape  of  the  mold  until  the  easting  is 
poured.  About  two-fifths  of  the  foundry  sand  that  is 


produced  in  California  each  year  is  bonded  by  clay  that 
is  a  natural  constituent  in  the  sand.  Such  sand  is  said 
to  be  naturally  bonded.  About  three-fifths  of  the  foundry 
sand  produced  in  California  is  clay-free.  As  carefully  con- 
trolled proportions  of  binding  materials  are  added  to 
them,  these  sands  are  known  as  "synthetic."  The  bind- 
ing materials  include  fire  clay,  bentonite,  sea  coal,  pitch, 
resins,  and  cereals. 

By  varying  the  proportions  of -the  constituents  of  syn- 
thetic sands,  it  is  possible  to  control  such  properties  as 
compressive,  shear,  and  tensile  strengths,  deformation, 
flowability,  and  durability.  As  foundry  practice  has  be- 
come increasingly  exacting  in  recent  years,  the  use  of 
synthetic  sands  compared  to  naturally  bonded  sands,  has 
increased  greatly. 

The  grain-size  and  size  distribution  of  foundry  sands 
affect  the  permeability,  as  well  as  determine  the  ease 
with  which  the  sand  can  be  rammed  when  the  mold  is 
made.  Permeability  must  be  controlled  to  permit  the 
escape  of  mold  gases  during  casting,  and  to  resist  pene- 
tration by  hot  metal.  Permeability  varies  directly  with 
the  size  of  the  grains,  the  uniformity  of  grain  size,  and 
the  degree  of  grain  rounding. 

The  composition  of  the  sand  grains  is  the  principal 
factor  controlling  the  refractoriness  of  a  sand,  or  its 
ability  to  withstand  the  casting  temperatures  without 
excessive  fusion  or  vitrification.  Pouring  temperatures 
range  from  as  low  as  1,200°  F.  for  aluminum  castings, 
to  more  than  3,000°  for  steel  castings.  Naturally  bonded 
sands,  in  which  natural  admixtures  of  alkali  feldspars 
may  lower  the  refractoriness,  are  generally  used  only  for 
lower  temperature  castings.  Sands  consisting  of  at  least 
96  percent  quartz,  the  most  refractory  of  the  minerals 
common  in  sand,  are  used  for  steel  castings.  For  espe- 
cially high-temperature  castings  special  zircon  sands  are 
used ;  ilmenite  and  olivine  sands  have  been  suggested  for 
this  purpose  (Ries  1948,  p.  11). 

Durability  of  a  foundry  sand  is  measured  by  the 
number  of  times  it  can  be  reused.  Loss  of  strength  oc- 
curs through  dehydration  and  devitrification  of  its  bond- 
ing clay.  To  return  sand  to  its  original  condition  a 
certain  amount  of  binder  must  be  added  after  each  use. 
Naturally  bonded  sands  tend  to  have  lower  durability 
than  synthetic  sands.  Sand  grains  themselves  must  be 
durable  enough  to  withstand  the  thermal  shock  of  con- 
tact with  molten  metal  as  well  as  abrasion  from  milling, 
mulling  and  ramming. 

Steel  casting  is  most  destructive  of  sand  because  of 
the  high  pouring  temperature.  Steel  foundries  that  use 
all  new  sand  consume  about  2,000  to  3,000  pounds  of 
sand  per  ton  of  casting.  Foundries  with  facilities  to 
reclaim  used  sand  consume  about  700  to  1,200  pounds 
of  new  sand  per  ton  of  casting.  Gray  iron  foundries 
consume  about  one-half  ton  of  new  sand  per  ton  of 
casting  produced  and  non-ferrous  casting  requires  much 
less.  Because  relatively  low  cost  sands  are  used  at  such 
plants,  the  expense  of  installing  reclaiming  equipment 
is  rarely  justified. 

Consumers  require  that  a  given  foundry  sand  be  of 
consistently  uniform  quality.  Quality  may  be  controlled 
by  selective  mining  and  screening  at  the  pit;  and  by 
lump-crushing,  drying,  and  blending  by  jobbers. 

Core  sands,  unlike  molding  sands,  are  artificially 
hardened  by  baking  prior  to  casting.  To  avoid  distor- 
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Figure  10.  Gently  dipping  Paleocene  clay-rich  sandstone  exposed  in  pit  of  W.  A.  Schoeppe,  south  of  Trabuco  Canyon, 
Orange  County.  At  least  three  other  operators  are  also  quarrying  this  material  in  nearby  pits.  Material  is  separated  into  high- 
grade  clay  and  high  quality  silica  sand  for  several  uses ;  unprocessed  it  is  "Trabuco  ganister." 


tion  of  the  casting  as  it  shrinks  around  the  core  during 
cooling,  the  core  must  have  low  hot  strength  and  crum- 
ble readily  after  initial  solidification.  For  this  reason 
more  than  0.5  percent  clay  is  rarely  permitted  in  cores, 
and  cereal  or  oil  binders  which  burn  out  during  pour- 
ing are  used. 

Nearly  all  of  the  state's  requirements  of  naturally 
bonded  sands  are  produced  here,  but  a  large  proportion 
of  high-purity  silica  sands  for  steel  foundries  and  for 
various  synthetic  sands  are  brought  into  the  state, 
mainly  from  Illinois  and  Nevada.  The  gray  iron  indus- 
try, by  far  the  largest  of  California's  foundry  indus- 
tries, and  malleable  iron  foundries  use  about  half  local 
and  half  out-of-state  sand,  mostly  clay-free.  About  70 
percent  of  the  sand  used  in  the  nonferrous  foundries  in 
California,  including  those  that  produce  brass,  bronze, 
aluminum,  and  magnesium  castings,  is  from  sources 
within  the  state  and  is  principally  of  the  naturally 
bonded  type. 

In  1955,  the  proportion  of  synthetic  sands  to  natur- 
ally bonded  sands  used  in  California  was  about  2:1; 
approximately  the  reverse  proportion  pertained  in  1945. 
Another  trend,  the  use  of  finer  sands,  has  come  with 
improvements  in  binders  and  higher  pressure  molding 


techniques  that  result  in  harder  faced  molds  that  re- 
quire less  binder  and  less  water,  and  result  in  a  de- 
crease in  mold  gases  and  lower  permeability  require- 
ments. 

Ganister  is  highly  refractory  siliceous  sedimentary 
rock,  used  for  furnace  linings,  or  a  mixture  of  ground 
quartz  and  fire  clay  used  for  lining  steel  converters.  In 
California  the  term  ganister  is  applied  to  a  natural  mix- 
ture of  high-silica  sand  and  fire  clay  that  is  used  as 
a  refractory  in  ladle  patching  and  furnace  linings. 
"Trabuco  ganister"  is  obtained  at  several  localities  in 
the  Trabuco  Canyon  area,  Orange  County,  and  "Liver- 
more  ganister ' '  is  mined  at  a  single  property  near  Tesla, 
Alameda  County. 

Filfe?-  Sand.  In  1952,  a  total  of  18,277  short  tons  of 
filter  sand,  valued  at  $53,762  or  an  average  value  of  about 
$3.00  per  ton,  were  produced  in  California.  Sand  and 
gravel  are  widely  used  in  filter  beds  especially  in  the 
treatment  of  municipal  water  supplies,  purification  of 
swimming  pools,  and  in  water-conditioning  equipment. 
Related  uses  include  sewage  trickling  media,  for  which 
gravel  and  crushed  rock  beds  are  used,  and  well-packing 
gravel,  for  which  pebbles  are  used. 


Figure  11.     Plant  of  Owens-Illinois  near  lone,  Anuidor  Coum.v,  uIutk  lone  sand  is 
processed  for  use  as  glass  sand.  (Photo  courtesy  of  Owens-Illinois). 
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Figure  12.  Plant  of  J.  M.  Marchio,  near  Antiooh,  Contra  Costa 
County,  where  Eocene  sandstone  is  processed  for  use  in  steel  foun- 
dries. Material  is  disaggregated  and  washed  in  revolving  drum 
(right  foreground),  loaded  by  sand  drag  (center)  on  belt  con- 
veyor for  storage  in  bins. 

In  most  communities  of  California,  sand  and  gravel 
filter  beds  are  used  to  remove  sediment,  suspended  mat- 
ter, and  bacteria  from  municipal  water  supplies.  The 
surface  area,  depth,  and  size  grading  of  filter  beds  are 
functions  of  the  capacity.  All  filter  beds  contain  sand 
to  perform  the  filtering  action,  and  gravel  to  support 
the  sand. 

Filter  gravel  should  have  maximum  permeability,  so 
round  particles  are  desired.  It  should  consist  of  hard, 
durable,  rounded  particles  of  high  specific  gravity,  with 
a  minimum  (e.g.  less  than  3  percent)  of  thin,  flat,  or 
elongated  pieces.  It  should  be  washed  and  screened  and 
contain  not  more  than  one  percent  of  loam,  clay,  sand, 
shells,  dirt,  and  organic  impurities  or  other  foreign 
matter. 

Filter  sand  must  be  of  fairly  uniform  size  and  within 
certain  size  limits.  In  practice  both  rounded  and  angular 
grains  have  been  found  to  be  satisfactory,  but  angular 
grains  make  a  "tight"  filter  with  reduced  filtering  ca- 
pacity unless  pressure  is  used  to  force  water  through  it. 
Flat  or  elongated  grains  are  undesirable,  as  are  soluble 
grains.  As  the  filter  beds  can  be  effectively  cleaned  many 
times  without  appreciable  loss  of  sand,  most  plants,  once 
constructed,  require  only  minor  additions  of  filter  sand. 

"Eifective  size,"  and  "uniformity  coefficient"  are  ex- 
pressions used  to  describe  the  sizing  of  filter  sand.  Ef- 
fective size  is  the  size,  in  millimeters,  of  the  screen 
opening  just  large  enough  to  pass  10  percent  of  the  sand 
by  weight;  90  percent  of  the  sand  is  larger  than  the 
effective  size.  The  uniformity  coefficient  expresses  the 
closeness  of  the  size  grading  of  the  sample  and  is  the 
ratio  of  the  mesh  size  through  which  just  60  percent 
of  the  sample  will  pass,  to  the  effective  size.  These  values 
can  be  obtained  from  a  cumulative  screen  analysis  curve 
of  a  particular  sand.  Specified  effective  sizes  of  filter 
sand  generally  range  from  0.35  to  0.54  millimeters;  the 
uniformity  eoeffjcient  is  commonly  specified  in  the  range 

1.55   to   1.60.    :-.-^<i--:^')  ■:.':',•■:      v.-    ,       .-    ?-■    ' 


An  estimated  25  to  30  thousand  swimming  pools,  pub- 
lic and  private,  exist  in  California;  20,000  are  in  the 
southern  part  of  the  state.  The  specifications  and  sources 
of  filter  sand  and  gravel  used  in  swimming  pool  filters 
are  about  the  same  as  for  municipal  water  filtration 
plants. 

Filter  beds  also  are  used  in  some  of  the  larger  household 
and  industrial  water-softening  systems,  to  retain  finely 
divided  water-softening  chemicals.  Many  industrial  con- 
cerns treat  their  used  water  in  filter  beds  of  various 
designs  and  capacity  so  that  it  may  be  used  again.  Sev- 
eral thousand  tons  of  filter  sand  and  gravel  are  obtained 
each  year  in  California  for  each  of  these  usages. 

The  trickling  type  of  sewage  treatment  plant,  in  use 
mainly  in  smaller  communities,  utilizes  porous  beds  of 
coarse  gravel,  crushed  slag,  or  crushed  stone  as  filter- 
like media  to  keep  bacteria  in  contact  with  the  sewage. 
Because  new  treatment  plants  are  of  other  types,  and 
because  trickling  beds  last  almost  indefinitely  without 
replenishment  of  the  media,  little  or  no  demand  exists 
in  California  for  this  material. 

California's  filter  sand  is  produced  almost  entirely  as 
a  subordinate  product  at  two  localities:  (1)  near  Ocean- 
side,  in  San  Diego  County;  and  (2)  Monterey  Bay,  Mon- 
terej'  County.  Minor  amounts  of  washed  concrete  sand 
produced  by  commercial  aggregate  plants  in  the  Los 
Angeles  area  also  have  been  used. 

In  California,  filter  gravel  is  produced  near  Carlsbad 
Beach,  San  Diego  County,  where  rounded  and  polished 
beach  pebbles  are  gathered  and  sacked  by  hand.  Washed 
gravel,  in  appropriate  sizes,  produced  by  various  com- 
mercial sand  and  gravel  producers  in  the  state,  is  also 
used. 

Well-packing  gravel,  placed  outside  perforated  casings 
of  oil  and  water  wells  to  prevent  inflow  of  fine  sediment 
from  poorly  consolidated  strata,  serves  a  filter-like  pur- 
pose. Well-packing  gravel  should  be  well-rounded,  hard, 
free  of  soluble  particles,  and  closely  graded  to  size. 
Commonly  used  sizes  are,  in  Tyler  sieve  sizes,  16  to  30, 
10  to  14,  8  to  10,  6  to  8,  5  to  7  mesh,  and  %  «  inch. 

Most  of  the  several  thousand  tons  of  packing  gravel 
produced  each  year  in  California  comes  from  a  Miocene 
marine  deposit  near  Walteria,  Los  Angeles  County,  al- 
though smaller  amounts  have  been  produced  in  Imperial 
County. 

Ceramics.  Finely  ground  (about  98  percent  through 
200-mesh  sieve)  iron-free  quartz,  in  proportions  ranging 
from  about  5  to  25  percent,  is  used  in  the  bodies  of 
whiteware,  earthenware,  chinaware,  glazed  wall  tile, 
sanitary  ware,  and  in  glazes.  Most  of  the  quartz  used 
for  these  purposes  in  California  is  pulverized  vein  quartz 
from  Oklahoma  and  Arizona,  but  silica  flour  from  Ot- 
tawa, Illinois,  and  from  the  Pacific  Grove  and  Trabuco 
Canyon  areas  is  also  used.  Specifications  generally  re- 
quire a  silica  content  of  95  to  99.8  percent,  iron  content 
of  0.05  percent  maximum,  and  little  or  no  feldspar,  clay, 
soda  or  potash,  depending  on  the  usage. 

Soluhle  Silicates.  A  special  use  of  flint  glass  quality 
sands  is  in  the  soluble  silicate  industry.  Sodium  silicate, 
"water  glass,"  of  more  than  a  dozen  grades  is  produced 
in  California.  It  is  made  by  fusing  silica  sand  and  so- 
dium carbonate,  then  dissolving  the  resulting  material 
in  water.  It  is  sold  mostly  as  an  aqueous  colloidal  solu- 
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Figure  13.  Generalized  schematic  flow  sheet  of  Del  Monte  Properties  Company  plant,  Pacific  Grove,  Monterey  County.  Recent  dune 
sands  are  cleaned  of  iron  and  separated  by  flotation  processes  into  near-pure  fractions  of  quartz  or  of  feldspar,  mainly  for  use  as  glass  sand 
and  foundry  sand. 


tion,  but  can  be  dried  and  crushed  for  sale  in  anhydrous 
condition.  It  has  such  varied  industrial  uses  as  glue  for 
corrugated  paper  boxes,  and  as  an  ingredient  in  deter- 
gents and  water  softener.  Its  properties  and  uses  depend 
on  the  ratio  of  soda  to  silica  in  the  mixture.  For  use  in 
sodium  silicate,  sand  should  contain  no  feldspar,  and 
must  consist  of  at  least  98  to  99  percent  Si02 ;  less  than 
0.7  percent  AI2O3  and  less  than  0.05  percent  Pe20s. 
Alumina  reduces  solubility,  iron  discolors  the  product, 
and  both  lime  and  magnesia  are  detrimental.  Sand  grains 
should  be  sharp  and  irregularly  shaped  to  improve  fusa- 
bility.  Grains  should  be  smaller  than  20  mesh  in  size, 
but  larger  than  80  (rarely  100)  mesh. 

Philadelphia  Quartz  Company  of  California,  the  prin- 
cipal manufacturer  of  soluble  silicates  in  California, 
operated  its  own  sand  pit  in  the  lone  area  in  the  early 
1920 's  (Boalich,  1920,  p.  39).  Sand  for  California's 
soluble  silicate  industry  now  comes  from  Nevada  as  well 
as  from  the  lone  area.  During  the  past  decade,  Califor- 
nia's soluble  silicate  industry  has  expanded  with  the 
industries  it  serves  and  is  estimated  to  use  between  10,- 
000  and  20,000  tons  of  sand  per  year. 

Minor  Uses.  A  wide  variety  of  industries  use  minor 
amounts  of  sand  for  many  diverse  purposes — most  of 
which  are  based  on  the  physical,  rather  than  the  chemical 


properties  of  the  sand.  Because  the  small  tonnage  of 
sand  required  would  not  justify  processing  of  sand  spe- 


FiGUKE  14.  Steffenson  air  flotation  cells  in  iron  and  heavy  min- 
eral separation  circuit  at  Del  Monte  Properties  plant  at  Pacific 
Grove,  Monterey  County.  Rougher  cells  in  right  foreground  ;  cleaner 
cells  in  left  foreground ;  sand  screw,  elevated,  in  background. 
(Photo  courtesy  of  Del  Monte  Properties  Company). 
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Figure  15.  Krebs  liquid  cyclones  installed  at  the  plant  of 
Crystal  Silica  Company  at  Oceanside.  Sand  is  separated  from  clay 
by  centrifugal  action  in  these  machines.  (Photo  courtesy  of  Equip- 
ment Engineers,  Inc.) 

eifically  for  such  purposes,  sand  is  commonly  obtained 
from  established  deposits  and  producers. 

Minor  amounts  of  specialty  sand  are  used  in  California 
in  aquariums,  playground  sandboxes,  golf  course  sand 


traps,  cigarette  urns,  prepared  and  built-up  roofing;  as 
fire  or  furnace  sand  for  lining  metal  smelting  furnaces; 
as  placing  (potters)  sand  to  support  ceramic  ware  and  to 
seal  kilns  during  firing ;  as  nursery  or  greenhouse  gravel ; 
and  as  special  aggregate  for  concrete  pipe  linings.  Minor 
amounts  of  silica  flour  are  also  used  as  filler  in  such 
materials  as  paint,  paste  wood  filler,  hard  rubber,  stucco 
plaster,  gypsum  plaster  board,  asphaltic  mixtures,  and 
special  cements;  and  to  provide  dust  baths  for  chin- 
chillas. 

TREATMENT 

Much  of  the  specialty  sand  produced  in  California  is 
marketed  with  little  or  no  treatment  (table  1).  The  prin- 
cipal groups  of  untreated  special  sands  are:  (1)  natu- 
rally bonded  foundry  sands,  obtained  in  many  localities, 
(2)  ganister,  obtained  in  the  Tesla  and  Trabuco  Canyon 
areas,  and  (3)  beach  and  dune  sands,  obtained  in  the 
El  Segundo,  Oceano  Beach,  and  Monterey  Bay  areas  and 
mainly  used  as  sandblasting  sand,  engine  sand,  and  clay- 
free  foundry  sand.  Except  for  removal  of  gross  organic 
debris,  disintegration  of  large  lumps,  and  sun-drying, 
most  of  these  sands  are  used  just  as  quarried.  Certain 
operators  kiln-dry,  wash,  and/or  screen  portions  of  their 
output  of  the  El  Segundo  and  Monterey  Bay  sands  in 
wet  weather  or  for  certain  vises. 

Relatively  complex  sand  treatment  processes  are  re- 
quired at  the  several  localities  where  glass  sand  is  pro- 
duced in  California,  (1)  to  separate  clay,  (2)  to  reduce 
iron  content  to  a  minimum,  and  (3)  to  remove  heavy 
minerals.  Clay  separation  is  effected  in  liquid  cyclones, 
by  rake  and  screw  type  classifiers,  or  by  decantation  in 
settling  basins. 
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Figure  16.  Flotation  cells  at  Owens-Illinois  glass  sand  plant 
at  lone,  Amador  County.  Iron-bearing,  and  other  heavy  minerals 
float  in  surface  froth  and  are  brushed  by  paddles  into  trough  at 
right  side  of  tank  for  removal.  Pure  quartz  sand  sinks  to  bottom  of 
tank  for  collection.  (Photo  courtesy  of  Owens-Illinois ) . 


Figure  17.  Overhead  bins  for  loading  engine  sand  into  sand 
chambers  of  locomotives  at  Roseville  yard  of  Southern  Pacific  Rail- 
road Company,  Sacramento  County. 

Iron  present  as  limonitic  coatings  on  sand  grains  is 
removed  by  vigorous  beating  of  the  sand  as  a  high-solids 
slurry  in  attrition  scrubbers.  Iron  present  as  ferruginous 
mineral  grains  is  removed,  as  are  other  heavy  minerals, 
by  the  use  of  concentrating  tables,  magnetic  separators, 
or  flotation  cells. 

Post-war  development  of  liquid  cyclones,  attrition 
scrubbers,  and  flotation  techniques  have  enabled  large- 
scale  production  of  high-purity  glass  sand.  These  newly 
developed  methods  also  have  permitted  the  recovery  of 
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Figure  18A.  Preparing  a  light  sand  mold  on  a  molding  turntable  at  the  General  Metals  Corporation  Oakland  foundry.  Operator  controls 
position  of  the  delivery  head  (right)  of  the  sand-slinging  machine  as  it  distributes  and  rams  sand  in  the  mold.  (Photo  courtesy  of  General 
Metals  Corporation). 


high-quality  glass  sand  from  many  large  deposits  whose 
high  content  of  clay,  or  of  iron-bearing  minerals,  had 
previously  rendered  them  unsuited  to  this  use. 

California's  principal  sand-treatment  plants  are  lo- 
cated near  the  deposits  at  Corona,  Pacific  Grove  (two 
plants),  lone,  Camanche,  and  Oceanside.  The  flowsheets 
of  these  plants  differ  because  of  differences  in  the  types 
and  proportions  of  impurities  in  the  several  deposits. 

The  Corona  deposit  contains  excessive  claj'  and  fine 
material,  as  well  as  excessive  iron  both  as  sand  grain 
coatings  and  ferruginous  minerals.  The  Owens-Illinois 
Corona  plant,  which  was  enlarged  and  modernized  in 
1947,  utilizes  classifiers  to  remove  loose  clay.  Iron  oxide 
and  clay  coatings  are  removed  from  the  quartz  grains  by 
attrition  scrubbers  and  washed  away  in  classifiers.  Heavy 
minerals,  in  part  iron-bearing,  are  removed  bj'  magnetic 
separators  from  the  dried  sand. 

The  Pacific  Grove  deposit  contains  little  clay  in  the 
natural  sand;  iron  is  present  as  sand  grain  coatings,  and 


in  ferruginous  minerals.  In  1952,  the  Del  Monte  Proper- 
ties Company  plant  at  Pacific  Grove  was  redesigned  to 
include  attrition  scrubbers  to  remove  ferruginous  sand 
grain  coatings,  and  a  flotation  circuit  to  remove  iron- 
bearing  and  other  heavy  minerals.  A  flotation  circuit 
was  also  installed  to  separate  the  sand  into  pure  quartz 
and  pure  feldspar  components.  A  minor  proportion  of 
the  output  of  pure  quartz  sand  is  ground  in  pebble  mills 
to  make  silica  flour.  The  Owens-Illinois  Pacific  Grove 
plant  processes  sand  from  the  same  deposit  as  the  Del 
Monte  Properties  Company,  but  employs  magnetic  sep- 
arators to  discard  iron-bearing  and  other  heavy  minerals. 
Sand  from  the  lone  formation,  treated  in  the  Owens- 
Illinois  lone  plant  and  the  Pacific  Clay  Products  Caman- 
che plant,  contains  a  high  proportion~of  valuable  clay 
as  well  as  iron  sand  grain  coatings  and  ferruginous  heavy 
niineralls.  The  0\Yens-IllinQiLS,p}antp,  pl^^jd'in  p'roduction 
iu  1955  after  two  years  of;  pilQt.jplani  tests,  and  the 
Pacific  Clay  Produots  plant,  scheduled  for  completion  in 
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Figure  18B.     Hand  pouring  molten  stainless  steel  into  sand  molds  in  the  General  Metals  Corporation  Oakland  foundry.  An  induction 
furnace  is  in  the  background.   (Photo  courtesy  of  General  Mills  Corporation). 


1956,  utilize  somewhat  similar  flowsheets.  Liquid  cyclones 
are  used  to  remove  most  of  the  clay;  classifiers  remove 
the  remainder.  Iron-bearing  and  other  heavy  minerals 
are  removed  by  flotation.  The  Pacific  Clay  Products 
plant  also  has  attrition  scrubbers,  to  remove  coatings 
from  the  sand  grains,  and  magnetic  separators  to  further 
reduce  the  iron  content. 

The  Tejon  sand,  utilized  by  the  Crystal  Silica  Com- 
pany plant  at  Oceanside,  contains  excessive  clay,  but  is 
comparatively  lacking  in  iron  content.  Liquid  cyclones 
are  used  to  discard  clay,  and  in  part  to  remove  iron  by 
attrition. 

In  the  Trabuco  Canyon  area,  the  raw  material  is  so 
rich  in  valuable  clay,  that  silica  sand  is  of  byproduct 
importance.  The  sand  and  clay  are  separated  primarily 
by  decantation  in  shallow  settling  basins.  The  sand  is 
further  cleaned  of  clay  by  washing,  and  of  iron  by 
magnetic  separators. 


MARKETING   AND   PRICES* 

The  relatively  unprocessed  types  of  specialty  sand, 
such  as  naturally  bonded  foundry  sand  and  untreated 
dune  sand  used  for  sandblasting  and  engine  sand,  are 
commonly  sold  in  bulk,  in  truckload  or  carload  quanti- 
ties. Dune  sand  for  use  as  engine  sand  ranges  in  price 
from  about  $0.75  to  $2.00  per  ton,  f.o.b.  deposits,  in 
carload  lots.  Dune  sand  to  be  used  for  sandblasting  is 
priced  from  $1  to  $3  per  ton,  f.o.b.  plants,  and  $2  to 
$6  delivered  in  truckload  lots.  Naturally  bonded  foun- 
dry sand  costs  from  $5.50  to  $10  per  ton  delivered  in 
the  Los  Angeles  area;  transportation  costs  add  about 
$6  to  the  delivered  price  in  the  San  Francisco  Bay  area. 
Canister  costs  $10  to  $13  per  ton  delivered  in  the  Los 
Angeles  and  San  Francisco  areas. 

Filter  sand  and  gravel  is  the  only  type  of  specialty 
sand  that  is  commonly  sold  by  the  sack.  Hundred-pound 

*  Price  data  obtained  in  1955. 
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Figure  19.  Sewage  treatment  plant  at  Barstow,  San  Bernar- 
dino County,  showing  filter  gravel  used  as  trickling  medium.  Diam- 
eter of  tank  is  about  100  feet. 

(1  cubic  foot)  sacks  are  sold  for  60  to  70  cents  each, 
f.o.b.  yards,  and  as  much  as  $1.50  delivered  in  the 
Los  Angeles  area.  In  bulk  filter  sand  is  sold  for  about 
$14  per  ton  and  filter  gravel  for  $8  or  more  per  ton, 
in  truckload  lots,  f.o.b.  plants  in  southern  California. 
Prices  for  the  sand  used  in  municipal  filter  plants  are 
somewhat  lower,  but  are  not  available  for  publication. 
Well-packing  gravel  is  sold  for  about  $14  per  ton  in 
bulk,  f.o.b.  plant,  in  the  Los  Angeles  area. 

Processed  sands,  suitable  for  glass  manufacture,  filter 
sand,  or  clay-free  foundry  sand,  are  sold  within  the 
general  range  of  $4  to  $7  per  ton  f.o.b.  plants  in  Cali- 
fornia. Prices  vary  with  such  factors  as  grade  of  sand, 
size  of  order,  whether  shipped  in  bulk  or  in  sacks,  and 
whether  shipped  wet  or  dry.  Processed  Nevada  sand, 
suitable  for  glass  and  foundry  usage,  is  sold  for  about 
$2  to  $6  per  ton  f.o.b.  Lake  Mead.  It  is  transported  by 
rail  to  the  Los  Angeles  area  for  about  $3.50,  and  to  the 
San  Francisco  area  for  about  .$5  per  ton.  Sand  from 
Ottawa,  Illinois,  costs  about  $3  to  $5  per  ton,  f.o.b. 
Ottawa,  and  about  $15  to  $18  per  ton  delivered  in  car- 
load lots  in  Los  Angeles. 

Silica  flour,  approximately  95  percent  smaller  than 
200  mesh,  from  Ottawa  costs  $20  per  ton  (bulk)  and 
$23  (sacked)  delivered  in  Los  Angeles.  Sacked  silica 
flour  from  Pacific  Grove  costs  about  $15  per  ton  f.o.b. 
plant,  and  about  $19  per  ton  delivered  in  Los  Angeles. 
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STONE,  CRUSHED  AND  BROKEN 

By  Thomas  E.  Gat,  Jr. 


Stone  production  is  one  of  the  oldest  and  most  exten- 
sive mineral  industries  in  California.  Before  the  early 
nineteen  hundreds,  dimension  stone  was  produced  in  the 
state  in  much  greater  volume  than  crushed  stone.  Durin<r 
the  past  50  years  the  output  of  dimension  stone  has 
dwindled,  while  the  production  of  crushed  stone  has 
increased  many  fold.  Greatly  increased  use  of  crushed 
stone  for  aggregate,  especially  in  asphalt  concrete  for 
paving,  and  the  marked  decrease  in  use  of  dimension 
stone  for  building  stone,  paving  blocks,  or  curbing  is 
largely  responsible  for  this  trend. 

In  1952,  California  ranked  seventh,  among  the  states, 
in  stone  production  with  a  total  output  of  approxi- 
mately 14,374,930  short  tons,  valued  at  $17,697,085 
(Bowles  and  Jensen,  1955,  p.  3).  Of  this  total  only  46,707 
tons,  or  about  0.03  percent,  was  dimension  stone.  Crushed 
stone  ranked  in  value  only  behind  petroleum  products, 
cement,  and  sand  and  gravel  among  California's  min- 
eral commodities.  Thirty-two  of  the  state's  counties 
reported  production  of  stone  in  1953,  although  an  unde- 
termined number  of  other  counties  also  yielded  crushed 
stone  and  reported  it  as  sand  and  gravel. 

TERMINOLOGY 

Although  the  terms  "rock"  and  "stone"  commonly 
are  used  synonymously,  they  have  different  meanings 
when  strictly  applied.  "Rock"  has  been  defined  vari- 
ously by  geologists,  but  in  the  stone  industry  it  is 
applied  to  any  mass  of  mineral  aggregate  as  it  exists 
in  its  natural  state  and  in  place.  "Stone"  refers  to 
individual  blocks,  masses,  or  fragments  that  have  been 
broken  or  quarried  from  bedrock  exposvires,  or  obtained 
from  boulders  and  cobbles  in  alluvium,  and  that  are 
intended  for  commercial  use.  Natural  mixtures  of  allu- 
vial sand  and  gravel  constitute  a  type  of  rock,  but  in 
this  volume  are  discussed  mainly  in  the  sections  on  sand 
and  gravel,  and  specialty  sands. 

Most  deposits  of  economic  minerals  have  formed  under 
relatively  uncommon  geologic  conditions,  but  stone  is 
obtained  from  the  ordinary  rocks  that  constitute  the 
earth's  crust.  The  materials  that  can  be  classed  as  stone 
are  numerous,  widespread,  and  of  a  wide  range  of 
geologic  ages  and  modes  of  origin. 

Stone  has  many  industrial  applications,  but  these  can 
be  divided  into  two  general  classifications  by  usage : 
(1)  crushed  and  broken  stone,  and  (2)  dimension  stone. 
Crushed  and  broken  stone  includes  all  stone  in  which 
the  shape  is  not  specified,  such  as  that  used  as  aggre- 
gate, railroad  ballast,  and  riprap.  Dimension  stone  is 
produced  to  specified  dimensions,  and  includes  stone 
employed  as  building  stone,  monumental  stone,  curbing, 
and  flagstone  (see  section  on  dimension  stone  in  this 
volume). 

For  most  uses  crushed  or  broken  stone  should  be  dur- 
able, dense,  sound,  hard,  strong,  able  to  withstand  high 
temperatures,  and  tend  to  break  into  suitably  shaped 
fragments.  In  almost  all  uses  stone  must  resist  the 
chemical  action  of  weathering.  Stone  used  in  coastal  in- 
stallations must  also  resist  chemical  action  of  seawater; 
common  aggregate  must  contain  little  or  no  potentially 
reactive  material ;  aggregate  for  use  in  acid-resistant  con- 


crete must  be  especially  stable  chemically.  Moreover, 
stone  to  be  used  for  certain  special  purposes  such  as 
the  limestone  used  in  agriculture,  glass  manufacture,  or 
the  sugar  refining  industry,  must  be  chemically  suited 
to  these  applications. 

Crushed  and  broken  stone  is  commonly  further  sub- 
divided, on  the  basis  of  use,  into  (1)  crushed  stone, 
(2)  riprap,  (3)  furnace  flux,  (4)  refractory  stone,  (5) 
agricultural  stone,  and  (6)  stone  used  for  other  pur- 
poses (Bowles  and  Jensen,  1955).  Crushed  stone  is 
mainly  used  as  aggregate  in  asphalt  concrete  for  paving 
purposes,  railroad  ballast,  aggregate  in  portland  cement 
concrete  used  for  various  construction  purposes,  aggre- 
gate base,  and  fill.  Riprap  consists  of  large  broken 
stone  used  without  a  binder,  principally  for  jetties, 
breakwaters,  and  sea  walls  which  are  intended  pri- 
marily to  resist  the  physical  action  of  water.  Furnace 
flux  consists  of  limestone  and  marble  used  for  chemical 
purposes  in  the  refining  of  iron  ores  and  in  other  metal- 
lurgical practices.  Refractory  stone  includes  quartzite, 
mica  schist,  dolomite,  and  soapstone  which  are  used  in 
the  manufacture  of  refractory  brick,  and  for  furnace 
and  ladle  linings.  Agricultural  stone  includes  any  type 
of  stone  that  is  added  to  soil,  either  as  a  fertilizer  or  a 
soil-conditioner.  The  category  "other  purposes,"  in- 
cludes crushed  stone  used  as  a  filler,  poultry  grit,  roofing 
granules,  stone  sand,  and  terrazzo  granviles ;  and  in  the 
production  of  mineral  wool,  stucco,  artificial  stone,  and 
mineral  food;  in  coal  mine  dusting;  and  for  various 
chemical  applications. 

Many  materials  that  by  definition  can  be  classified  as 
stone  are  considered  as  separate  commodities.  Dolomite, 
limestone,  vein  quartz  and  quartzite,  sand  and  gravel, 
and  specialty  sands,  as  well  as  such  stone-like  nonmetal- 
lic  materials  as  diatomite,  pumice,  perlite,  volcanic  cin- 
ders, and  soapstone  are  described  more  completely  else- 
where in  this  volume. 

ROCKS  USED  AS  CRUSHED  AND  BROKEN  STONE 
IN  CALIFORNIA 

The  stone  industry  recognizes  the  following  stone 
classification  based  mainly  on  composition  and  texture : 
(1)  granite;  (2)  basalt  and  related  rocks;  (3)  lime- 
stone; (4)  marble;  (5)  sandstone;  and  (6)  miscellaneous 
stone  (including  chert,  conglomerate,  greenstone,  ser- 
pentine, shale,  slate,  mica  schist,  tuffaceous  volcanic 
rocks,  and  volcanic  cinders).  Most  of  these  types  are 
abundant  and  widespread  in  California,  both  in  bed- 
rock outcrops  ("basement  rock")  and  as  fragments  in 
alluvial  deposits.  The  alluvial  deposits,  which  are  mostly 
of  Quaternary  age,  yield  stone  as  a  co-product  of  sand 
and  gravel  operations  in  which  oversize  cobbles  and 
bovilders  are  crushed  and  sold  separately.  Minor  ton- 
nages of  stone  from  alluvial  deposits  are  used  as  rustic 
building  stone,  and  as  dam  facing  cobbles. 

Granitic  Rocks.  The  term  "granite"  is  commonly 
applied  to  medium-  to  coarse-grained  igneous  rocks  that 
consist  mainly  of  feldspar  and  quartz,  and  ordinarily 
contain  subordinate  proportions  of  ferromagnesian  min- 
erals. In  the  stone  industry,  and  in  the  following  dis- 
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CRUSHED  AND  BROKEN  STONE 
IN  CALIFORNIA 


EXPLANATION  OF   SYMBOLS 
PRODUCTS  ACTIVE     INACTIVE 

DURING       SINCE 
I950's  1949 

CARBONATE  STONE 

Agriculturol,  fluxslone,  feed  supplement  «  a 

for  poultry  and  livestock,  sugor  rock, 
roofing  and  lerrozo  granules. 


OTHER  STONE 

Aggregote,  ballost,  decomposed  granite, 
fill,  rood  material,  rooting  granules, 
ond  pulverized  stone. 

BY-PRODUCT 

Dimension  stone  operations. 

BY-PRODUCT 

Cement  and  lime  product  operotions. 


Note:  See  occomponytng  toble  tor  identiricolion  of  deposits 
active  during  the  I950's. 
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Figure  1.     Map  showing  locations  of  crushed  and  broken  stone  operations  in  California,  including  dimension  stone  and  carbonate  stoii 
quarries  that  have  yielded  crushed  stone  as  a  byproduct.  From   U.S.  Bureau  of  Mines  and  California  Division  of  Mines  records. 
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List  of  crushed  and  broken  stone  operations  in  California  active  during  the  1950's;  for  locations 

see  nccompanying  map  p.  566 


ALAMEDA  CO. 

28 

Inyo  Marble  Co. 

MARIN   CO. 

85 

Industrial  Roofing 

122 

Pacific  Coast  Ag- 

1. Gallagher  and 

29 

Redlite  Aggregate, 

59 

Basalt  Rock  Co. 

Rock  Co. 

gregates,  Brisbane 

Burke,  Inc. 

Inc.,  volcanic 

60 

Black  Mountain 

86 

Ivanpah  Silica 

123 

Sanitary  Fill 

2.  Leslie  Salt  Co. 

cinders 

61 

Black  Point 

Quarry 

124 

Skyline  Materials 

3.  Niles  Quarry  Co. 

30 

Paul  R.  Splane  Co., 

Aggregates  Inc. 

87 

Mt.  Pisgah  volcanic 

Inc. 

4.  San  Leandro  Rock 

volcanic  cinders 

62 

Burden  Mountain 

cinders 

125 

Peter  Sorenson 

Co. 

31 

Volcanic  Cinder 

63 

Forbes 

88 

Painted  Desert  Co. 

126. 

Tyson 

5.  Sorum  and 

Co.,  volcanic  cinders 

64 

Greenbrae  Quarries 

89 

Rainbow  Rock  Inc. 

127. 

W.P.A. 

Gendreau 

90 

Rattlesnake  Gulch 

KERN  CO. 

VIENDOCINO  CO. 

Deposit 

SANTA  CLARA  CO. 

BUTTE  CO. 

32 

Desert  Rock  Milling 

64A.   Noyo  Harbor 

91 

Riverside  Cement 

128. 

Anderson  Lake 

6.   Henry  J.  Kaiser  Co. 

Co.  (mill) 

riprap  quarry 

Co. 

129. 

Bahr  and  Ledoyen 

7.   Kemen 

33 

Groover  Mining  & 

130. 

Bay  Shell  Co. 

8.  Sake  and  Saunders 

Milling  Co.  (mill) 

MONTEREY  CO. 

92 

Sharp  and  Fellows 

131. 

Commercial 

34. 

Hidecker  Rock  Co., 

65 

Kaiser  Aluminum 

Construction  Co. 

Materials 

CALAVERAS  CO. 

Horse  Canyon  (mill) 

and  Chemical  Corp. 

93. 

Southwestern  Port- 

132. 

County;  Alum  Rock 

8A.  Calaveras  Cement 

35. 

Hidecker  Rock  Co., 

land  Cement  Co. 

133. 

County;  Saratoga 

Co. 

Rosamond  (mill) 

NAPA  CO. 

94. 

Union  Pacific 

134. 

Frederickson- 

36. 

Higham  (mill) 

66 

Basalt  Rock  Co. 

Railroad  Co. 

Watson 

CONTRA  COSTA  CO. 

37. 

M  &  M  Milling  Co. 

67 

Juarez  Quarry 

95. 

Van  Dusen  Canyon 

135. 

R.  G.  Gambetta, 

9.    N.  M.  Ball  Sons 

(mill) 

Deposits 

shells 

10.   Blake  Brothers 

38. 

McLaughlin,  Zenor 

ORANGE  CO. 

96. 

Victorville  Lime 

136. 

Mirasson  Bros. 

11.   Harrison-Birdwell 

and  Mamey  (mill) 

68. 

D.  D.  Lawhead  and 

Rock  Co. 

137. 

Permanente  Cement 

12.   Henry  J.  Kaiser  Co. 

39. 

Mojave  Mineral 

Sons 

97. 

White  Rock  Lime- 

Co. 

13.  Serra  Bros. 

Products  Co.  (mill) 

stone  guarry 

138. 

Piazza 

14.  Tunnel  Rock  Quarry 

40. 

Mojave  Rock  Prod- 

PLACER CO. 

98. 

TomWoolsey  (mill) 

139. 

Roggasch  Bros. 

ucts  Co.  Inc.  (mill) 

69. 

Union  Granite  Co. 

140. 

Sondgrath  Bros. 

DEL   NORTE  CO. 

SAN   DIEGO  CO. 

141. 

A.  F.  Voss 

15.  Rowdy  Creek 

LAKE  CO. 

PLUMAS  CO. 

99. 

Alpine  Roof 

Crusher  Co. 

41. 

Aggrelite  Co. 

70. 

Western  Pacific 

Granules 

SANTA   CRUZ  CO. 

42. 

Coleman  Quarry 

Railroad  Co. 

100. 

California  Cut 

142. 

Pacific  Limestone 

EL  DORADO  CO. 

Stone 

Products  Co. 

16.  California  Rock 

LOS  ANGELES  CO. 

RIVERSIDE  CO. 

101. 

Campo  Milling  Co. 

143. 

Santa  Cruz  Port- 

and Gravel  Co. 

43. 

Amercal  Mining  Co. 

71. 

Atchison.  T-i  ek.i 

102. 

Canyon  Rock  Co. 

land  Cement  Co. 

17.   Pacific  Minerals 

44. 

Blue  Cloud 

and  Santa  Fe 

103. 

Escondido  Quarries 

Co.,  slate 

Chinchilla  Dust 

Railway  Co. 

Inc. 

SOLANO  CO. 

18.  Diamond  Springs 

45. 

W.  J.  Bonfield 

72. 

Haven  Granite  Co. 

104. 

Heathman 

144. 

Cordelia  Quarries 

Lime  Co. 

46. 

Connolly-Pacific  Co. 

73. 

Livingston  Rock 

105. 

Jacumba  Roof 

145. 

Fredrickson  Bros. 

19.  El  Dorado  Lime- 

47. 

Graham  Bros.,  Inc. 

and  Gravel  Co. 

Granules 

146. 

Parish  Bros. 

stone  Co. 

48. 

Katz  (Boiling 

74. 

Lucas  Mining  Co. 

106. 

Mission  Gorge 

Point)  soapstone 

75. 

Minnesota  Mining 

Quarry 

SONOMA  CO. 

FRESNO  CO. 

49. 

Katz  (Schwartz 

and  Manufacturing 

117. 

National  Quarries 

147. 

Construction  Supply 

20.  Atchison.  Trpeka 

Canyon)  shale 

Co. 

IDS. 

Southern  California 

Co. 

and  Santa  Fe 

50. 

Livingston  Rock 

76. 

Riverside  Cement 

Granite  Co. 

148. 

Thomas  A.  Graham 

Railway  Co. 

and  Gravel  Co. 

Co. 

109. 

J.  B.  Stringfellow 

149. 

Hein  Bros — Basalt 

21.  County  decomposed 

51. 

Los  Angeles  Decom- 

77. 

J.  B.  Stringfellow 

Construction  Co. 

Rock  Co. 

granite  pit 

posed  Granite  Co. 

Construction  Co. 

110. 

Valley  Granite  Co. 

150. 

Talbert  Rock 

22.  Sharp  and  Fellows 

52. 

McCaslin  Materials 

Quarry 

Construction  Co. 

Co. 

SAN    BENITO  CO. 

SAN    MATEO   CO. 

151. 

Zaney  Gravels  Co. 

23.  Superior-Academy 

53. 

Monterey  Park 

78. 

Granite  Rock  Co., 

111. 

California 

Granite  Co. 

Granite  Co. 

Logan 

Aggregates 

TRINITY  CO. 

24.  Tivy  Valley  decom- 

54. 

Mulholland  DG  Co. 

112. 

Canada  Road, 

152. 

Northwestern 

posed  granite  pit 

55. 

Owl  Rock  Products 

SAN 

BERNARDINO  CO. 

South 

Pacific  Railroad  Co. 

Co. 

79. 

Atlas  Silica  Quarry 

113. 

Canadas  Quarry 

HUMBOLDT  CO. 

56. 

Santa  Ynez  Canyon 

SO. 

Brubaker-Mann  Co. 

114. 

Causeway 

TUOLUMNE  CO. 

25.  Tom  Hull 

limestone 

80A 

.  California 

115. 

Edgewood  Road 

153. 

U.  S.  Lime 

57. 

Santa  Ynez  Canyon 

Dolomite  Co. 

116. 

El  Granada 

Products  Co. 

IMPERIAL  CO. 

sandstone 

81. 

California  Portland 

117. 

Hilltop 

26.  Western  Non- 

58. 

Sierra  Pelona  Rock 

Cement  Co. 

118. 

Ideal  Cement  Co. 

VENTURA  CO. 

Metallics 

Co. 

82. 
83. 

Chubbuck  Deposits 
Cushenbury  Canyon 

119. 

Macco-Morrison- 
Knudson  Construc- 

154. 

J.  B.  Stringfellow 
Construction  Co. 

INYO  CO. 

MADERA  CO. 

Quarry 

tion  Co. 

155. 

Western  Lime 

27.  Gladding  McBean 

58A 

.  Raymond  Granite 

84. 

Stuart  Ingram  Co. 

120. 

Marks  Materials 

Products  Co. 

and  Co. 

Quarries 

121. 

North  Road 

cussion,  the  terms  "granite"  and  "granitic  rock"  are 
usetJ  even  more  broatJly  to  refer  to  various  intrusive 
igneous  rocks  with  granitoid  textures,  and  to  some  meta- 
morphic  rocks  with  gneissic  textures. 

Most  unweathered  granitic  rocks  are  hard,  strong, 
tough,  and  resistant  to  abrasion,  impact,  and  chemical 
attack.  These  properties  make  granitic  rock  well  suited 
to  use  as  building  stone,  riprap  and  aggregate.  Granitic 
rock  that  is  attractive  in  appearance  and  can  be  polished 
is  commonly  quarried  for  use  as  building  and  ornamen- 
tal stone  (see  section  on  dimension  stone). 

Granitic  rocks  occur  mainly  in  large  bodies,  known  as 
batholiths,  which  are  exposed  over  many  square  miles. 
In  California  granitic  rocks  occur  mostly  in  the  Sierra 
Nevada  and  Southern  California  batholiths  and  in 
smaller  masses  in  the  Klamath  Mountains  and  the  desert 
regions  of  eastern  and  southern  California.  These  bodies 
together  underlie  about  40  percent  of  the  state's  area 
and  are  largely  or  wholly  of  Mesozoic  age.  Batholiths 
commonly  consist  of  numerous  individual  bodies  of  vari- 
ous granitic   rock   types,   with   contrasting   colors,   tex- 


tures, and  mineral  composition.  The  two  great  batho- 
liths of  California  are  exposed  mostly  in  mountainous 
areas,  but  the  main  granite  quarries  lie  about  their  pe- 
ripheries or  in  outlying  smaller  masses,  so  that  the  quar- 
ries are  as  close  as  possible  to  major  transportation 
routes  to  centers  of  consumption.  Over  wide  areas  of  the 
state  the  exposed  granitic  rocks  are  so  deeply  weathered 
or  highly  fractured  as  to  be  unsuited  to  the  purposes 
outlined  above.  In  the  Los  Angeles  area,  for  example, 
little  or  none  of  the  granitic  rock  exposed  in  the  nearby 
Santa  Monica  or  San  Gabriel  Mountains  is  sufficiently 
unshattered  or  Tinweathered  to  be  quarried  as  crushed 
stone  in  large  tonnages.  With  the  exception  of  the 
crushed  stone  recovered  in  sand  and  gravel  operations, 
all  granitic  stone  must  be  brought  to  the  Los  Angeles 
area  from  quarries  in  Kiverside,  San  Diego  and  San 
Bernardino  Counties,  45  to  100  miles  away.  Disinte- 
grated and  shattered  granitic  rock,  known  commer- 
cially as  decomposed  granite,  or  "DG,"  is  much  used 
in  southern  California  as  aggregate  base,  low-quality 
paving  material,  and  fill. 
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TYPICAL   BALLAST    SECTION 


jK^-;^  r 


Ground  Level 


Figure  2.  Cross  section  through  typical  standard  gauge  rail- 
road track,  showing  position  of  rails,  ties,  and  ballast.  Depth  and 
width  of  ballast  differ  according  to  the  location  and  expected  use 
of  the  track,  but  commonly  remain  within  the  limits  shown.  Ajter 
Smith,  1956,  p.  6,  figure  5. 

In  California,  granitic  rock  has  been  quarried  mainly 
for  use  as  dimension  stone  and  riprap,  but  the  quarry 
waste  has  been  a  source  of  crushed  stone  for  local  uses. 
These  quarries  lie  mainly  in  (1)  the  western  foothills  of 
the  Sierra  Nevada,  in  the  western  part  of  the  Sierra 
Nevada  batholith,  and  (2)  along  the  western  and  north- 
ern borders  of  the  Southern  California  batholith.  In  the 
San  Francisco  Bay  area,  granite  quarries  have  yielded 
crushed  and  broken  stone  from  Montara  granite  in  San 
Mateo  County,  and  from  Franciscan  diorite-gabbro  in 
Santa  Clara  County. 

The  principal  granite  quarries  in  California  are  near 
Raymond,  Madera  County ;  Folsom,  Sacramento  County ; 
Penryn,  Loomis,  and  Roeklin,  Placer  County;  Logan, 
San  Benito  County ;  the  Jurupa  Mountains  and  vicinity. 
Riverside  and  San  Bernardino  Counties ;  and  near  Lake- 
side, Escondido,  and  Vista,  San  Diego  County.  Of  these 
quarries,  all  except  the  Logan  quarry,  and  several  near 
Riverside  have  been  primarily  dimension  stone  opera- 
tions. 

Decomposed  Granite.  Weathering  may  decompose  the 
feldspar  and  ferromagnesian  minerals  in  granitic  rock. 
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FlotTBE  3.  Particle  size  distribution  curves  showing  size  limits 
specified  for  sand  and  gravel  ballast  (a)  by  American  Railway 
Engineering  Association  for  all  ballast,  and  (b)  by  one  railroad 
company  for  commercial  ballast  that  proved  successful  in  use.  To 
be  acceptable  as  ballast,  the  size  distribution  curve  of  the  material 
must  lie  within  the  limits  shown.  After  Smith,  1956,  p.  7,  figure  6. 


and  convert  once-sound  rock  in  situ  to  a  weak,  relatively 
friable  mass  of  quartz  grains,  clay  and  partially  decom- 
posed grains  of  feldspar  and  ferromagnesian  minerals. 
Granite  that  has  been  shattered  by  fault  action  is  par- 
ticularly susceptible  to  decomposition  by  weathering. 
Weathering  in  sedimentary  deposits  of  granitic  debris 
may  render  the  stone  unsound  for  use  as  aggregate  and 
if  sufficiently  advanced,  convert  the  deposit  to  the  equiv- 
alent of  decomposed  granite. 

Decomposed  granite  ordinarily  can  be  loosened  and 
quarried  by  power  shovel  or  bulldozer,  without  blasting. 
Crushing  and  screening  are  commonly  unnecessary. 

Decomposed  granite  is  valued  for  sub-grade,  road  base, 
and  fill  because  it  is  easy  to  handle,  packs  and  holds 
well,  has  sufficient  bearing  strength  and  stability  under 
load,  and  allows  adequate  drainage.  Its  widespread 
availability  at  low  cost  is  another  reason  for  its  exten- 
sive use.  For  the  uses  mentioned,  decomposed  granite  is 
preferred  both  to  earth  and  to  sand  and  gravel,  either 
of  which  may  be  used  when  decomposed  granite  is 
unavailable. 

As  an  extremely  low-cost  material  employed  in  rela- 
tively non-exacting  uses,  decomposed  granite  can  rarely 
be  economically  hauled  farther  than  a  few  miles  to  the 
site  of  use.  Therefore  it  is  used  extensively  only  in  those 
sections  of  California  where  it  occurs  near  metropolitan 
areas,  especially  the  Los  Angeles  area. 

Basalt  and  Related  Rocks.  In  commercial  usage,  and 
in  this  discussion,  the  term  "basalt"  is  applied  to  any 
of  the  dense,  fine-grained,  dark-gray  or  black  volcanic 
rocks.  The  term  ordinarily  includes  rock  types  that 
geologists  classify  as  dacite,  andesite,  basalt,  trachyte, 
or  latite.  Basaltic  rock  has  solidified  by  the  cooling  of 
lava,  either  as  flows  on  the  earth's  surface,  or  as  shallow 
intrusive  bodies  beneath  the  surface.  It  is  composed  pri- 
marily of  feldspar  and  ferromagnesian  minerals  in  crys- 
tals that  range  in  size  from  submicroscopic  to  clearly 
visible.  Commonly  an  appreciable  percentage  of  glassy 
material  is  present.  Some  effusive  basalt  is  vesicular  and 
the  vesicles  may  have  become  filled  with  potentially  re- 
active substances  such  as  opaline  silica  or  zeolites  which 
render  the  rock  unfit  for  use  as  aggregate. 

Basaltic  rocks  are  characteristically  hard,  tough,  and 
durable,  so  are  best  suited  for  use  as  aggregate,  railroad 
ballast,  and  riprap.  Some  types  of  crushed  basaltic  rock 
are  well  suited  for  use  as  artificially  colored  roofing 
granules.  In  the  past,  much  of  the  basalt  quarried  in 
California  was  used  as  paving  blocks,  especially  in  in- 
dustrial areas  and  steep  hills  where  strong  resistance  to 
shock  and  abrasion  are  desired,  but  in  recent  years  con- 
crete paving  mixtures  have  almost  completely  replaced 
it  in  this  use.  The  once-important  but  now  rare  usage 
of  tuif aceous  volcanic  stone  for  building  and  paving  pur- 
poses is  discussed  in  the  chapter  on  dimension  stone  in 
this  volume. 

Basaltic  rocks  are  extensively  exposed  in  many  locali- 
ties in  California.  In  the  northeastern  part  of  the  state 
Tertiary  and  Quaternary  basaltic  rocks  are  exposed  for 
hundreds  of  square  miles  in  the  Modoc  Plateau  and  form 
the  most  extensive  occurrences.  A  number  of  smaller 
areas,  measurable  in  tens  of  square  miles  or  less,  occur 
scattered  in  the  Sierra  Nevada  and  Mojave  Desert 
provinces  in  the  northeastern  portion  of  central  and 
southern   California.    Little   basaltic   stone   is   obtained 
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Figure  4.  Photo  showing  one  of  the  largest  of  California's  crushed  stone  operations,  Granite  Rock  Company,  at  Logan,  San  Benito 
County.  Pre-Franciscan  Santa  Lucia  granitic  rock,  much  shattered  by  movement  along  a  branch  of  the  San  Andreas  fault  which  trends 
along  the  railroad  at  left,  has  been  obtained  here  since  1900.  A  hill  that  formerly  extended  more  than  400  feet  above  the  present  quarry 
floor  has  been  removed.  The  lower  working  face  is  about  100  feet  high,  the  upper  one  ranges  up  to  200  feet  in  height.  Photo  taken  1955. 


from  these  areas  because  of  their  remoteness  from  the 
main  centers  of  use,  but  some  has  been  quarried  for  local 
construction  projects  and  for  railroad  ballast. 

Less  extensive  occurrences  in  the  Coast  and  Peninsu- 
lar Ranges  are  the  sources  of  most  of  the  basaltic  stone 
produced  in  the  state.  Basaltic  rock,  largely  altered  to 
' '  greenstone, ' '  is  abundant  in  the  Franciscan  formation, 
and  in  various  Tertiary  formations  in  the  Coast  Ranges. 
In  the  San  Francisco  Bay  area,  where  alluvial  sand  and 
gravel  must  be  hauled  long  distances,  basaltic  rock  has 
been  quarried  and  crushed  for  portland  cement  and  as- 
phalt concrete  aggregate  especially  north  of  the  Bay,  in 
Marin,  Sonoma,  Napa,  and  Solano  Counties.  Basaltic 
stone  for  paving  stone  and  curbing  was  once  extensively 
produced  at  a  score  or  more  of  deposits  in  that  area,  but 
Portland  cement  concrete  has  largely  replaced  stone  for 
this  use,  and  nearly  all  of  these  deposits  are  idle.  Notable 
quantities  of  basaltic  stone  also  have  been  produced  near 
Orinda,  Contra  Costa  County;  Newberry,  San  Bernar- 
dino County;  Corona,  Riverside  County;  Pales  Verdes 
Hills  and  Santa  Catalina  Island,  Los  Angeles  County; 
and  Areata  and  Trinidad,  Humboldt  County. 

Carbonate  Rock — Limestone  and  Marble.  Carbonate 
rocks  are  abundant  and  commercially  important  in  Cali- 
fornia, (see  sections  on  lime,  limestone,  and  dolomite, 
and  ceijtent).  Carbonate  rocks  are  broadly  divided  by 
geologists  into  1)  limestone,  which  consists  almost  en- 
tirely of  calcite  (CaCOs) ;  2)  dolomite,  which  consists 
mainly  of  the  mineral  dolomite  (CaCOs-MgCOs)  ;  and 
3)  marble,  which  is  the  metamorphosed  crystalline 
equivalent  of  either  type.  All  gradations  exist  between 
limestone  and  dolomite  and  between  very  fine-grained 
and  very  coarse-grained  material.  Virtually  all  of  the 
carbonate  rock  that  is  marketed  as  crushed  stone  was 
originally  deposited  as  a  marine  sediment. 

In  the  stone  industry  the  term  limestone  is  applied  to 
many  types  of  rock  that  contain  a  high  percentage  of 
calcium  carbonate,  although  large  proportions  of  other 
substances  also  may  be  present.  Such  substances  include 


dolomite,  siderite  (FeCOa),  magnesite  (MgCOa),  and 
rhodochrosite  (MnCOs).  They  also  commonly  contain 
clay,  silt,  and  sand  grains.  A  high  percentage  of  clay 
commonly  weakens  carbonate  rock,  and  makes  it  unfit  for 
use  as  stone ;  a  high  content  of  sand  grains  or  silica  may 
make  carbonate  rock  too  hard  to  be  prepared  for  use 
economically. 

In  the  stone  industry  the  term  ' '  marble ' '  is  applied  to 
any  carbonate  rock  that  will  take  a  high  polish  and 
includes  various  dense  types  of  limestone  and  dolomite. 
The  term  is  also  loosely  applied  to  coarsely  crj'staliine 
carbonate  rocks.  The  classification  of  carbonate  rock 
either  as  limestone  or  marble  therefore  is  determined 
largely  by  its  use.  Stone  from  many  California  deposits, 
for  example,  has  been  used  both  as  limestone  (e.g.  in  the 
sugar  industry)  and  as  marble.  Nearly  all  of  the  crushed 
carbonate  stone  produced  in  California  is  classified  as 
limestone. 


FiGUBE  5.  Photo  showing  one  of  California's  many  small 
crushed  stone  operations,  along  Highway  1  south  of  Mendocino, 
Mendocino  County.  Contorted,  breeciated  Franciscan  (?)  sandstone 
is  crushed  in  small  portable  plant  intermittently  as  needed  for  road 
material.  Photo  taken  1955. 
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Figure  6.  Photo  showing  quai-rv  of  Guy  F.  Atkinson  Company,  north  of  Brisbane,  .San  Mateo  County,  where  Jurassic  Franciscan 
sandstone  has  been  obtained  since  1954  for  use  as  fill.  Truck-boine  drill  on  upper  bench  drills  30-foot  blast  holes.  Five-yard  power  shovel 
loads  20-yard  trucks  for  haul  to  fill  sites;  production  about  13,000  cubic  yards  per  day.  Photo  hy  Fenelon  F.  Davis,  1951,. 


For  use  as  stone,  carbonate  rock  should  be  physically 
sound,  dense,  and  relatively  pure.  Carbonate  stone  that 
is  strong,  tough,  and  durable  is  well  suited  for  use  as 
concrete  aggregate,  road  metal,  railroad  ballast,  and 
riprap.  A  pure  white  color  also  is  desirable  in  carbonate 
stone  to  be  used  for  granules  in  built-up  roofing,  and 
various  colors  are  desirable  in  granules  to  be  used  for 
terrazzo. 

Most  of  the  carbonate  stone  produced  in  California  in 
recent  years  has  been  used  primarily  for  its  chemical 
properties,  and  has  been  consumed  in  the  cement,  lime, 
agricultural,  and  various  other  process  industries.  Rela- 
tively small  tonnages  have  been  produced  for  use  as 
crushed  and  broken  stone,  or  as  dimension  stone. 

Finely  pulverized  carbonate  rock  (which  is  used  exten- 
sively as  a  soil  additive,  ceramic  ingredient,  a  chemical, 
and  for  filler  and  whiting)  as  well  as  crushed  limestone 
(which  is  used  as  fluxstone,  sugar  rock,  and  in  glass 
manufacture)  are  discussed  in  the  section  on  lime,  lime- 
stone and  dolomite  in  this  volume.  Relatively  little  has 
been  used  as  aggregate,  railroad  ballast,  fill,  or  riprap  in 
California  although  such  uses  of  carbonate  rock  are 
common  in  other  states.  Several  thousand  tons  of  crushed 
carbonate  stone  are  used  each  year  in  California  for 
roofing  granules,  poultry  feed  supplement,  and  terrazzo. 

Occurrences  of  carbonate  rocks  are  extensive  and 
widespread  in  California  (see  section  on  lime,  limestone, 
and  dolomite  in  this  volume ;  also  Logan,  1947,  pp.  201- 
350).  Deposits  are  especially  numerous  in  the  western 
Sierra  Nevada  province,  the  northeastern  portion  of  the 
Klamath  Mountains  province,  the  Great  Basin,  Mojave 
Desert,  and  Colorado  Desert  provinces  in  southeastern 
California;  in  the  Coast  Ranges,  mainly  south  of  San 
Francisco,  and  in  the  Peninsular  and  Transverse  Range 
provinces  of  southern  California.  The  ages  of  these 
deposits  range  from  Miocene  to  pre-Cambrian. 

From  locality  to  locality  and  even  within  many  indi- 
vidual deposits  both  the  physical  and  chemical  qualities 
of  carbonate  rocks  differ  greatly.  Except  in  the  desert 
areas   of    eastern    California   where    exposures   several 


square  miles  in  area  are  common,  most  of  the  occur- 
rences cover  10  acres  or  less.  Deformation  and  various 
degrees  of  recrystallization  are  common  in  the  carbonate 
rocks  throughout  the  state. 

Many  deposits  of  carbonate  rock  physically  and  chem- 
ically suited  to  use  as  stone  have  not  been  quarried 
because  they  are  (1)  inaccessible  to  large  machinery,  (2) 
too  distant  from  market  areas  for  economic  haulage, 
especially  in  northern  and  eastern  California,  or  (3) 
reserves  are  too  small  to  warrant  the  investment  needed 
to  open  a  quarry.  Many  deposits  quite  close  to  market 
areas  remain  unquarried  because  of  quality  deficiencies. 
At  300  or  more  localities  in  47  counties  deposits  of  car- 
bonate stone  have  been  quarried  in  California  (Logan, 
1947).  Most  of  these  were  very  small  operations  which 
were  active  only  in  the  late  1800 's  and  early  1900 's, 
and  were  sources  of  limestone  which  was  burned  to 
lime  and  used  locally.  Since  the  early  1900 's  quarries 


FiGiiiE  7.  Photo  showing  Blake  Brothers  quarry,  Point  Rich- 
mond, Contra  Costa  County,  where  steeply  dipping  Franciscan 
sandstone  has  been  obtained  for  aggregate  and  riprap  since  1907. 
Circular  quarry  amphitheatre  is  about  3000  feet  in  diameter,  with 
working  face  (off  photo,  left)  about  400  feet  high.  Photo  taken 
1955. 
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in  several  districts  have  yielded  substantial  tonnages  of 
dimension  stone,  and  a  minor  but  undetermined  propor- 
tion of  crushed  and  broken  stone  as  a  by-product.  The 
cessation  of  local  lime-burning  operations  has  been  caused 
largely  by  the  great  increase  in  production  and  use  of 
Portland  cement. 

Although  minor  quantities  of  crushed  carbonate  stone 
have  been  produced  at  numerous  localities  in  the  state, 
especially  for  use  as  roofing  granules,  only  two  areas 
have  yielded  crushed  and  broken  carbonate  rock,  on  a 
continuing  basis,  for  use  as  riprap,  aggregate,  road  base, 
or  railroad  ballast.  One  is  in  San  Mateo  County,  where 
four  quarries  have  been  worked;  and  the  other  in  Los 
Angeles  County  where  one  quarry  exists.  A  score  or  more 
localities  contain  dimension  stone  quarries  that  have 
yielded  crushed  and  broken  limestone  as  a  by-product 
(Aubury,  1906,  pp.  61-114;  Logan,  1947),  but  most  of 
these  are  now  inactive.  Notable  in  this  group  are  the 
dimension  stone  quarries  near  Columbia,  Tuolumme 
County;  Plymouth  and  Volcano,  Amador  County;  San 
Andreas  and  Angels  Camp,  Calaveras  County;  and 
Keeler,  Inyo  County.  Nearly  all  the  cement,  lime,  and  in- 
dustrial limestone  operations  in  the  state  market  off- 
specification  material  as  roof  granules,  white  aggregate, 
and  other  relatively  non-exacting  purposes,  rather  than 
discard  it. 

Sandstone.  Sandstone  is  clastic  sedimentary  rock 
composed  of  particles  mainly  in  the  size  range  of  about 
one  fourth  to  one  hundredth  of  an  inch  in  diameter. 
Some  sandstones  consist  almost  wholly  of  quartz  grains, 
but  most  sandstones  are  feldspathie  and  some  contain 
a  high  proportion  of  ferromagnesian  minerals.  The 
strength  and  durability  of  sandstone  are  mainly  deter- 
mined by  the  type  of  material  that  cements  the  grains 
together.  Only  well  indurated  sandstone,  cemented  with 
silica  or  calcite  (rather  than  with  the  weaker  cements, 
clay  or  iron  oxide),  is  well  suited  to  use  as  crushed  and 
broken  stone.  Loosely  consolidated  sandstone,  however, 
especially  that  rich  in  quartz  grains,  commonly  is  used 
as  a  source  of  aggregate  sand  or  specialty  sand  (see  sec- 
tions on  sand  and  gravel,  and  specialty  sands  in  this 
volume). 


FlfUJUE  8.  Photo  showing  barso-loadinK  facilities  of  Blalie 
Brothers,  at  Point  Richmond,  Contra  Costa  Connty.  Covered  belt 
conveyor  from  crushing  plant  (off  photo,  left)  and  stiff-leg  clam- 
shells load  crushed  Franciscan  sandstone  aggregate  on  barges  for 
delivery  throughout  the  Bay  area.  San  Francisco  is  on  skyline  at 
right ;  foundations  for  Richmond-San  Rafael  bridge  in  foreground. 
Photo  taken  1953. 


Figure  9.  Photo  showing  crushing  and  screening  equipment, 
and  stockpiles  of  Harrison-Birdwell  Company,  near  Clayton,  Con- 
tra Costa  County,  where  Franciscan  sandstone  has  been  obtained 
since  1947,  mainly   for  ilrainrock  and   road   material.   Photo  taken 

1953. 

Most  of  the  sandstone  that  occurs  in  California  is  very 
friable,  but  some  is  sufficiently  durable  to  be  used  for 
riprap,  railroad  ballast,  portland  cement,  concrete  aggre- 
gate, and  bituminous-bound  concrete  aggregate. 

Virtually  all  of  the  sandstone  in  California  occurs  in 
formations  that  lie  within  the  age  range  of  Jurassic 
to  Quaternary.  Commonly,  the  older  sandstones  are 
harder  and  stronger  than  the  younger  ones,  hence 
are  better  suited  to  use  as  crushed  and  broken  stone. 

Sandstone  is  extensively  exposed  in  most  of  the  western 
and  central  parts  of  the  state,  but  sandstone  for  use  as 
crushed  and  broken  stone  has  been  produced  mainly 
in  the  San  Francisco  Bay  area  where  the  scarcity  of  sand 
and  gravel  has  led  to  the  abundant  use  of  crushed  stone 
for  aggregate,  ballast,  and  fill,  as  well  as  riprap  in  harbor 
projects. 

MISCELLANEOUS  TYPES  OF   ROCKS 

Chert.  Chert  is  a  sedimentary  rock  composed  almost 
entirely  of  silica,  in  the  form  of  opal,  chalcedony,  or 
microgranular  quartz.  It  commonly  occurs  in  thin- 
bedded  deposits. 

In  its  most  desirable  form  chert  is  a  hard,  dense, 
extremely  durable  stone.  Such  material  is  exceptionally 
well  suited  for  use  as  crushed  and  broken  stone  aggre- 
gate in  Portland  cement  and  asphalt  concrete,  railroad 
ballast  and  riprap.  Some  chert,  however,  is  too  laminated 
or  contains  too  much  silt  or  shale  to  be  thus  employed. 
Other  chert  deposits  contain  opaline  silica  which  is  re- 
active when  used  as  portland  cement  concrete  aggregate 
(see  discussion  of  aggregate  reactivity  in  section  on 
sand  and  gravel  in  this  volume).  Recrystallized  chert  in 
metamorphic  terranes  is  not  reactive  and  makes  excellent 
aggregate. 

Chert  deposits  large  enough  to  be  quarried  occur  in 
the  Franciscan  formation  which  is  widely  distributed  in 
the  northern  and  central  Coast  Ranges.  Such  deposits 
also  are  contained  in  the  Miocene  Monterey  formation 
which  is  widespread  in  the  central  and  southern  Coast 
Ranges,  in  the  western  Transverse  Ranges,  and  the 
northern  Peninsular  Ranges. 
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Figure  10.  Photo  of  Graham  Bros.,  Inc.,  quarry  near  Empire 
Landing,  Santa  Catalina  Island,  Los  Angeles  County.  The  Meso- 
zoic  ( ? )  serpentine  obtained  here  is  barged  to  the  mainland  for 
use  as  riprap  and  for  harbor  projects.  Photo  taken  1954. 

In  California  the  chert  that  has  been  used  for  crushed 
and  broken  stone  has  been  produced  mainly  in  the  San 
Francisco  Bay  area.  Franciscan  chert,  partly  recrystal- 
lized,  has  been  produced  near  Oakland  and  Niles,  Ala- 
meda County;  near  San  Kafael,  Marin  County;  in 
San  Francisco  County;  and  near  Belmont,  San  Mateo 
County.  In  at  least  one  locality  the  Miocene  Monterey 
formation  has  yielded  chert  for  use  as  crushed  and 
broken  stone.  This  lies  north  of  San  Jose  in  Santa  Clara 
County.  Nearly  all  of  these  chert  operations  were  idle 
in  1955. 

Conglomerate.  Conglomerate  is  clastic  sedimentary 
rock  containing  abundant  fragments  of  pebble  size  or 
larger  in  a  matrix  of  sand  and  finer-grained  materials. 
Conglomerates  show  various  degrees  of  induration  which 
depend  largely  on  the  nature  and  amount  of  cementing 


Figure  11.  Photo  of  Pebbly  Beach  quarry  of  Connolly-Pacific 
Company,  Santa  Catalina  Island,  Los  Angeles  County.  Mesozoic 
( ?)  meta-conglomerate  is  obtained  from  a  shelf  nearly  half  a  mile 
long,  more  than  100  yards  wide,  with  working  face  more  than  500 
feet  high.  Kiprap  in  pieces  weighing  as  much  as  35  tons  is  barged 
from  here  to  the  mainland  for  harbor  projects.  Note  riprap  blocks 
on  flat  quarry  floor  between  camera  and  power  shovel.  Photo  taken 
1955. 


material — clay,  calcium  carbonate,  iron  oxides  or  silica — 
in  the  matrix. 

Conglomerate  is  not  abundantly  used  in  California  for 
aggregate,  riprap,  or  ballast  because  relatively  few 
deposits  of  conglomerate  near  the  main  centers  of  use  are 
sufficiently  well  indurated  for  these  uses.  When  crushed, 
most  of  these  conglomerates  revert  essentially  to  their 
sand  and  gravel  components.  Such  deposits  are  quarried 
locally  as  sources  of  sand  and  gravel  and  for  material  to 
be  used  as  road  base  materials,  or  fill.  Highly  weathered 
conglomerate  is  quarried  in  the  Los  Angeles  area  for 
use  as  decomposed  granite. 

In  California,  the  principal  source  of  conglomerate 
for  use  as  crushed  and  broken  stone  is  a  body  of  well 
indurated  conglomerate  within  the  Mesozoic  (?)  Cata- 
lina schist  at  Pebbly  Beach,  Santa  Catalina  Island,  Los 
Angeles  County  (figures  11,  12).  This  deposit  has  been 
worked  for  many  years,  and  pieces  weighing  as  much  as 
35  tons  have  been  hauled  by  barge  to  the  mainland.  The 
quarried  material  has  been  used  mainly  as  riprap  and 
harbor  stone  in  the  Long  Beach  area.  In  the  San  Fran- 
cisco Bay  area  conglomerate  is  quarried  in  a  number  of 
localities,  principally  for  use  as  road  material  and  fill. 

Greenstone.  Greenstone  is  a  general  term  applied  by 
geologists  to  basic  or  intermediate  volcanic  rocks  that 
contain  abundant  green  secondary  minerals.  In  the  stone 
industry  the  term  is  also  applied  to  a  variety  of  fine- 
grained green  rocks,  including  arkosic  sandstone,  graj^- 
wacke,  impure  quartzite  and  various  pyroclastic  rocks. 

Rocks  classifiable  as  greenstone  in  this  broader  sense 
are  moderately  abundant  in  many  parts  of  California, 


Figure  12.  Photo  showing  barge-loading  facilities  at  Pebbly 
Beach  quarry  of  Connolly-Pacific  Company,  Santa  Catalina  Island, 
Los  Angeles  County.  Fifteen-yard  trucks  back  into  metal  skip 
(right)  and  dump  broken  stone.  Thirty-ton  stiff-leg  crane  lifts 
skip  and  empties  contents  into  barges  for  tow  haulage  to  mainland 
harbor  project  sites,  mainly  in  the  Long  Beach  area.  Photo  taken 
1955. 

but  relatively  small  tonnages  are  used  as  crushed  and 
broken  stone.  Many  occurrences  of  greenstone  are  out- 
side the  range  of  economic  haulage  to  main  centers  of 
use,  and  much  of  the  more  readily  available  greenstone 
is  of  inferior  quality. 

Much  of  the  crushed  greenstone  is  employed  for  uses 
in  which  a  green  color  is  specifically  desired,  such  as 
for  naturally  colored  roofing  granules.  Physically  sound 
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Figure  13.  Photo  showing  Deelez  quarry  in  the  Jurupa  Mountains  near  Declezville,  San  Bernardino  Countv.  Cretaceous  Bonsall 
tonalite  has  been  obtained  here  intermittently  since  prior  to  1900;  mainly  for  railroad  and  breakwater  riprap,  with  minor  output  for 
dimension  stone.  The  quarry  face  has  total  length  of  more  than  2,000  feet,  and  maximum  height  of  about  100  feet.  The  quarry  was  last 
active  in  1955  to  provide  riprap  for  the  Pacific  Coast  highway  near  Ventura,  Ventura  County.  Photo  taken  1956. 


greenstone  also  may  be  used  for  aggregate,  ballast,  rip- 
rap, or  fill,  if  it  is  available  economically. 

Some  of  the  most  extensive  occurrences  of  greenstone 
in  California  are  in  the  Franciscan  formation,  in  the 
northern  and  central  Coast  Ranges,  and  in  the  Mississip- 
pian  ( ? )  Calaveras  formation  and  the  Jurassic  Amador 
group  along  the  west  flank  of  the  Sierra  Nevada.  Small 
,  amounts  of  greenstone  have  been  quarried  from  dike 
rocks  in  Los  Angeles  and  San  Diego  Counties  for  use  as 
roofing  granules;  much  of  the  green  pyroclastic  sedi- 
mentary stone  quarried  in  Kern  County  since  World 
War  II  for  roofing  granules  could  be  classed  as  green- 
stone. Minor  tonnages  of  greenstone  have  been  produced 
in  the  Mother  Lode  area — including  El  Dorado,  Amador, 
Calaveras,  Tuolumne,  and  Mariposa  Counties — for  local 
u.se  as  road  rock  and  fill.  In  Del  Norte  County  a  large 
tonnage  of  greenstone  was  quarried  from  Preston  Island 
in  1947  for  use  as  riprap  in  the  Crescent  City  Harbor ; 
pieces  as  large  as  15  tons  were  used. 

Serpentine.     Serpentine  is  an  ultrabasic  igneous  rock 
composed  mainly  of  the  mineral  serpentine,  a  hydrous 


magnesium  silicate.  Serpentine  rock  is  moderately  soft, 
but  commonly  massive  and  dense  in  structure,  and  very 
resistant  to  chemical  and  physical  weathering.  These 
properties  make  it  desirable  as  crushed  and  broken  stone 
for  riprap  and  fill. 

Hundreds  of  bodies  of  serpentine  occur  in  the  Klamath 
Mountains,  central  and  southern  Coast  Ranges,  and 
western  flank  of  the  Sierra  Nevada,  but  very  little  ser- 
pentine exists  in  the  southeastern  third  of  the  state. 
Most  or  all  of  the  serpentine  masses  in  California  are 
alteration  products  of  intrusive  peridotites  and  pyroxe- 
nite  believed  to  have  been  emplaced  in  late  Jurassic  or 
early  Cretaceous  time. 

In  the  San  Francisco  Bay  area,  minor  amounts  of 
Franciscan  serpentine  have  been  quarried,  along  with 
associated  sandstone  and  chert,  for  use  as  aggregate, 
ballast,  and  fill.  At  quarries  in  Oakland,  Alameda 
County ;  near  Clayton,  Contra  Costa  County ;  near  Bay- 
shore,  Belmont,  and  South  San  Francisco,  San  Mateo 
County ;  and  near  Los  Altos  and  Madrone,  Santa  Clara 
County  the  serpentine  has  been  obtained  largely  as  a 
by-product,  in  the  removal  of  these  other  rock  types. 
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_  Figure  14.  Photo  showing  Shannahan  (Striugfellow  Construction  C'.juiiKiiiyj  (iiuiiry  in  . I uiiipu  Mountains  near  West  Kiverside,  River- 
side County.  Cretaceous  Woodson  Mountain  granodiorite  has  been  obtained  here  intermittently  since  about  1900,  for  use  as  building 
stone,  roofing  granules,  poultry  grit,  and,  most  recently  riprap  for  the  Redondo  Beach  seawall,  in  1955,  and  breakwater  in  1956.  Photo 
taken  1956. 
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Figure  15.  Photo  of  Redoudo  Beach  seafront,  Los  Ahgeles 
County,  looking  southward,  showing  method  of  emplacement  of 
granitic  riprap  stone  from  Shannahan  quarry  near  Riverside 
(figure  14).  Crawler  crane  lifts  pieces  weighing  as  much  as  10 
tons  from  flatbed  truck  with  tong-like  pincers,  and  emplaces  them 
according  to  directions  from  engineer  standing  nearby.  Note  wreck- 
age of  wave-damaged  houses  just  left  of  crane.  Photo  taken  1955. 

Near  Magalia,  Butte  County,  serpentine  is  quarried  for 
use  on  roads  and  driveways.  Santa  Catalina  Island,  Los 
Angeles  County,  contains  one  of  the  few  deposits  of  ser- 
pentine in  southern  California.  This  deposit  yielded 
dimension  stone  prior  to  1914,  and  riprap  and  fill  since 
1953. 

Shale.  Shale  is  a  very  fine-grained,  thinly  bedded 
sedimentary  rock  composed  mostly  of  clay-size  and  silt- 
size  articles.  Shale,  commonly  containing  admixed  sand 
particles,  is  widely  distributed  in  California  and  con- 
stitutes at  least  a  minor  proportion  of  most  of  the 
clastic  sedimentary  formations  present  in  the  state.  Pre- 
Mesozoic  shales  are  commonly  well  indurated,  if  not 
metamorphosed;  most  Mesozoic  and  Tertiary  shales  are 
moderately  to  poorly  indurated.  Shale  is  particularly 
abundant  in  the  Jurassic  and  Cretaceous  rocks  of  the 
northern  and  central  Coast  Ranges  and  the  borders  of 
the  Great  Valley,  and  in  the  Tertiary  rocks  of  the 
southern  Coast  Ranges,  western  Transverse  Ranges,  and 
northern  Peninsular  Ranges. 

Most  types  of  shale  are  too  weak  to  be  suited  to  the 
ordinary  uses  of  crushed  and  broken  stone.  The  hard, 
dense,  and  siliceous  McClure  shale  of  Miocene  age  has 
been  quarried  in  at  least  two  localities  in  Kings  County 
for  use  as  crushed  stone.  In  San  Mateo  County,  a  rela- 
tively minor  tonnage  of  shale  has  been  quarried,  along 
with  sandstone,  chert,  and  conglomerate,  from  at  least 
four  localities  in  the  Jurassic  Franciscan  and  Pliocene 
Merced  formations.  This  was  used  on  roads  and  as  fill. 
In  Santa  Clara  County  an  undetermined  tonnage  of 
siliceous  shale  and  chert  has  been  quarried,  for  highway 
and  fill  purposes,  from  a  dozen  or  more  localities  in  the 
Miocene  Monterey  formation.  Since  1950  diatomaceous 
shale  of  the  Miocene  Modelo  formation  has  been  quarried 
near  Sunland,  Los  Angeles  County,  and  pulverized  for 
use  as  insecticide  carrier  and  filler. 

Slate.  Slate  is  a  thinly  foliated  metamorphic  rock 
composed  essentially  of  muscovite  (sericite),  quartz,  and 
graphite,  all  in  grains  of  microscopic  or  submicroseopic 


size.  Slate  is  formed  by  compaction  and  partial  recrys- 
tallization  of  shale,  is  commonly  dark-colored  and  mod- 
erately hard. 

Slate  is  desired  mainly  for  use  as  dimension  stone  (see 
section  on  dimension  stone).  Its  chemical  inertness, 
resistance  to  weathering,  and  flat  particle  shape  make 
crushed  slate  a  desirable  material  for  roofing  granules 
and  filler  dust. 

Extensive  exposures  of  slate  occur  in  the  Jurassic 
Mariposa  formation,  along  the  western  flank  of  the  Sierra 
Nevada.  Minor  bodies  of  slate,  mostly  of  low  quality, 
occur  in  pre-Tertiary  metamorphic  rocks  at  several  scat- 
tered localities  in  the  state. 

Mariposa  slate  was  produced  in  minor  tonnages  from  a 
dimension  slate  quarry  dump  in  Mariposa  County  in 
1926,  and  from  a  quarry  near  Hetch  Hetchy  Junction, 
Tuolumne  County,  from  1931  to  1940.  The  material  from 
both  of  these  operations  was  crushed  and  used  mainly 
as  roof  granules  and  filler.  The  state's  principal  soure? 
of  crushed  and  pulverized  slate  is  the  Chili  Bar  mine.  El 
Dorado  County,  which  has  been  active  since  1926.  Here 
the  slate  is  mined  in  extensive  underground  workings 
and  is  used  for  roofing  granules  and  filler  dust.  Prior  to 
World  War  II  a  small  amount  of  Triassic  slate  of  the 
Bedford  Canyon  formation  was  quarried  east  of  Elsi- 
nore,  Riverside  County,  and  crushed  for  use  as  roofing 
granules.  In  1947,  slate  of  undetermined  age  was  quar- 
ried north  of  Keeler,  Inyo  County,  and  pulverized  for  | 
use  as  filler.  < 

Tuff.     The   term    "tuff"    embraces    pyroclastic,    vol-  , 
canic  types,  most  of  which  would  be  classed  as  rhyolite  ' 
or  dacite  tuffs  or  tuffaceous  sediments   (see  section  on 
pumice,  pumicite,  perlite  and  volcanic  cinders  in  this 
volume).    Most    tuffaceous    rocks    are    only    moderately 
hard,  although  on  exposure  to  air  they  commonly  harden 
appreciably.  As  many  tuffs  are  attractively  colored  and  | 
workable,  they  have  been  extensively  used  for  building  ' 
stone   (see  section  on  dimension  stone).  Because  of  its 
softness,  tuffaceous  rock   is  nnsuited   to  most  uses   of 


Figure  16.  Photo  showing  limestone-crushing  plant  of  Sno-Top 
Rock  Products  Company,  near  West  Riverside,  Riverside  County, 
active  since  1953.  Triassic  (?)  limestone  and  marble  that  contain 
excessive  magnesia  are  trucked  from  a  nearby  cement  company 
quarry.  Here  this  material  is  crushed,  screened,  and  bagged,  mainly 
for  white  roofing  granules.  Fines  are  used  for  asphalt  tile  filler 
and  other  industrial  purposes.  Photo  taken  1955. 
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FiGUPE  ]7.  Photo  showing  roofiiiR  granule  plant  of  Sierra 
Pelona  KocU  (Mmpaiiy  near  Vasquez  Rocks,  Los  Angeles  County. 
Green  granules  are  made  from  silicified  siltstone  of  the  Oligocene 
(?)  Vasquez  formation,  obtained  from  pits  in  middle  distance;  red 
and  violet  granules  from  Yasquez  volcanic  roelis  near  Vincent ;  and 
gold  granules  from  iron-stained  granitic  rock  in  Mint  Canyon. 
Pallets  of  bagged  granules  in  the  foreground  are  ready  for  ship- 
ment. Photo  taken  1955. 

crushed    and   broken   stone   but   it   is   extensively   used 
in  the  production  of  colored  roofing  granules. 

Extensive  bodies  of  light-colored  tuffaeeous  rocks  occur 
in  the  Tertiary  volcanic  section  at  many  localities  i.'i 
California.  Most  of  the  tuffaeeous  stone  that  has  been 
quarried  in  the  state  has  been  used  for  dimension  stone. 
It  has  been  obtained  mostly  from  the  Pliocene  Sonoma 
volcanies  in  Napa.  Solano,  and  Sonoma  Counties;  from 
Miocene  rhj-olite  tuffs  near  Arroyo  Grande,  San  Luis 
Obispo  County;  and  from  Tertiary  formations  along  the 
west  flank  of  the  Sierra  Nevada.  Small  tonnages  of  waste 
from  these  quarries  have  been  used  locally  for  road 
material  and  fill.  Highly  colored  Miocene  tuffaeeous 
sediments  were  quarried  near  Monolith,  Jawbone  Can- 
yon, and  Rosamond,  in  Kern  County,  and  crushed  for 
use  as  naturally  colored  roofing  granules  at  a  half  dozen 
crushing  plants  active  in  1955.  lioof  granules  were  also 
produced  in  1955  from  crushed  Pliocene  rhyolite-dacite 


tuff  quarried  near  Lenwood,  San  Bernardino  County, 
and  from  tuffaeeous  sediments  obtained  near  Vincent, 
Los  Angeles  County. 

USES  OF  CRUSHED  AND  BROKEN  STONE 

Although  stone  is  used  in  California  for  many  pur- 
poses these  are  divisible  into  two  main  classes:  (1) 
"Physical"  uses,  in  which  the  stone  is  broken,  crvished, 
pulverized,  shaped,  or  polished,  but  its  physical  and 
chemical  characteristics  remain  essentially  unchanged 
(such  as  aggregate,  dimension  stone,  filler)  ;  (2)  "Chem- 
ical" uses,  in  which  the  stone  is  changed  physically 
and/or  chemically,  to  yield  an  end  product  that  differs 
from  the  raw  stone  in  composition  (such  as  limestone 
used  in  cement  and  quartz  sand  used  in  glass)  ;  most  uses 
in  this  class  require  stone  that  is  essentially  mono-min- 
eralic  in  composition. 

Many  various  properties  of  stone  may  be  considered 
in  determining  its  suitability  for  a  particular  type  of 
use.  The  essential  property  of  stone  that  determines  its 
selection  for  a  particular  use  may  be  primarily  physical 
(such  as  hardness  and  durability)  or  primarily  chem- 
ical (such  as  stability  in  acid  or  purity  of  composition). 
For  most  uses,  however,  stone  must  fulfill  both  physical 
and  chemical  requirements  (such  as  aggregate,  which 
must  be  physically  strong  as  well  as  chemically  inert). 

A  few  types  of  stone,  notably  limestone  and  vein 
quartz,  are  used  for  physical  uses  under  some  circum- 
stances, and  for  chemical  uses  under  others.  Their  phys- 
ical uses,  which  stem  mainly  from  their  physical  prop- 
erties, are  discussed  below;  their  chemical  uses,  which 
mainly  depend  on  their  chemical  properties,  are  de- 
scribed in  other  sections  in  this  volume  (see  sections  on 
lime,  limestone,  and  dolomite;  cement;  quartzite  and 
quartz). 

The  category  of  crushed  and  broken  stone  here  includes 
all  quarried  stone  that  is  not  cut  or  shaped  to  specified 
dimensions  (see  section  on  dimension  stone).  It  ranges 
in  size  from  granite  blocks  weighing  many  tons  used  as 
riprap,  to  shale  ground  to  smaller  than  200  mesh,  used 
as  insecticide  carrier. 

The  major  uses  of  crushed  and  broken  stone  are 
described  below  in  alphabetical  order. 


Figure  18.  Photo  of  one  of  California's  largest  quarries,  the  Minnesota  Mining  and  Manufacturing  Company  operation  in  Temescal 
Canyon,  near  Corona,  Riverside  County.  Jurassic  (?)  Temescal  Wash  quartz  latite  porphyry  is  blasted  down  by  large-scale  coyote-hole 
blasting  methods,  crushed,  and  colored  with  subvitreous  ceramic  glazes  for  use  as  granules  on  prepared  roofing.  Photo  taken  1956. 
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Aggregate  Used  in  Portland  Cement  Concrete.  Al- 
though several  localities  in  California  yield  a  large  ton- 
nage of  crushed  bedrock  specifically  for  use  as  portland 
cement  concrete  aggregate,  most  crushed  rock  that  is 
produced  in  California  for  this  use,  is  obtained  from 
alluvial  deposits.  At  most  of  the  larger  sand  and  gravel 
plants,  all  cobbles  and  pebbles  too  coarse  for  use  as  sand 
and  gravel  (about  IJ  inches)  are  screened  from  the 
alluvial  raw  material  and  crushed  for  sale  as  crushed 
stone  for  various  uses.  Sand  and  gravel  are  preferred  to 
crushed  stone  for  portland  cement  concrete  aggregate 
because  the  natural  material  is  the  less  expensive  and 
rounded  particles  give  better  workability  of  the  wet  mix 
than  angular  ones.  In  areas  such  as  the  San  Francisco 
Bay  area,  where  a  shortage  of  sand  and  gravel  exists,  the 
high  cost  of  transporting  sand  and  gravel  from  distant 
sources  overcomes  the  additional  crushing  expense  of 
crushed  stone.  Under  these  economic  conditions  crushed 
stone  is  commonly  used  for  portland  cement  concrete 
aggregate,  instead  of  sand  and  gravel.  Although  slightly 
more  care  is  required  in  the  pouring  and  placing  of  a 
wet  mix  that  contains  crvished  stone  aggregate,  the  port- 
land  cement  concrete  made  with  such  aggregate  is  as 
satisfactory  as  that  made  with  sand  and  gravel  aggregate 
of  comparable  quality. 

Because  most  of  the  portland  cement  concrete  aggre- 
gate produced  in  California  consists  of  sand  and  gravel, 
the  reader  is  referred  to  the  section  on  sand  and  gravel 
in  this  volume  for  specifications,  costs,  and  methods  of 
production. 

Aggregate  Used  with  Bituminous  Binder.  Asphalt 
concrete,  or  bituminous  concrete,  and  bituminous  mac- 
adam are  forms  of  bituminous-bound  aggregate  used 
predominantly  for  paving  (California  Div.  Highways, 
1954,  pp.  113-162;  ASTM  1954,  pp.  27-31). 

Table  A.  Asphalt  concrete  aggregate.  Recommended  particle  sise 
distribution,  proportions  of  asphalt  cement,  and  possible  usage 
for  five  typical  mixes  of  asphaltic  aggregate.  (Asphalt  Institute, 

ms,  p.  4). 


Mix  no. 


Use  recommended 


Thickness  of  course* 


Sieve  size 


2H"    

2  

IH  

1  ._ 

H  — -- 

J^  

4  

10  --...: 

40  .-• i--. 

80  .'Zi^^^--^--- 

200   T.: 

Asphalt  cement- 
pounds  per  100  ]bs 
aggregate  — -- 


Lower  or  intermediate 
courses* 


3-3H'      2H-3K' 


III 


Inter- 
mediate 
or  surface 
courses* 


IV 


Surface  courses* 


2-3'      1H-2H' 


1-2' 


Combined  aggregates,  including  mineral  filler — percent 

passing  by  weight 


100 

95-100 

ioo 





80-95 

95-100 

100 



95-100 

100 

60-75 

70-85 

95-100 

70-85 

75-90 

30-45 

35-50 

40-55 

45-60 

20-35 

25-37 

30-42 

35-47 

12-22 

15-25 

20-30 

23-33 

6-16 

6-16 

12-22 

16-24 

0-4 

2-6 

5-10 

6-12 

4.0-6.0 

4.5-6.5 

5.0-7.0 

6.0-8.0 

100 
95-100 
60-80 
40-55 
25-35 
18-27 
8-15 


6.0-8.5 


•  A  "course"  Is  a  layer  of  road-buUdlng  material  laid  as  a  unit:  most  roads  consist  of  a 
base,  leveling,  and  surface  course  each  with  different  specifications  and  functions. 


Asphalt  (bituminous)  concrete  consists  of  a  combina- 
tion of  coarse  aggregate,  fine  aggregate,  and  mineral 
filler  uniformly  coated  and  mixed  with  asphalt  (Asphalt 
Institute,  1954,  pp.  1-2).  The  types  of  bituminous-bound 
concrete  that  are  in  general  use  include  road-mixed  sur- 
facing; plant-mixed  surfacing;  asphalt  concrete  pave- 
ment ;  seal  coats ;  and  armor  coat  ( California  Div.  High- 
ways 1954,  pp.  112-162).  Each  of  these  types,  which  are 
distinguished  by  particular  size  gradings  of  aggregate 
and  different  types  of  bituminous  binder,  has  its  own 
particular  usage,  and  is  manufactured  in  "hot  plants," 
fixed  or  portable.  In  these  plants  aggregate  and  bitunnii 
are  blended  and  thoroughly  mixed  at  high  temperatures 
to  a  plastic  mass  that  can  be  spread  in  place  and  finally 
compacted  by  heavy  rollers.  At  ordinary  temperatures 
asphalt  concrete  is  hard  and  unyielding ;  unlike  portland 
cement  concrete,  it  is  slightly  plastic  under  very  great 
or  long-applied  stresses. 

Coarse  aggregate  for  asphalt  concrete  includes  all 
material  retained  on  the  No.  10  sieve.  Crushed  stone  is 
preferable  to  gravel  in  this  use  because  broken  surfaces 
adhere  to  asphalt  better  than  rounded  ones,  and  the 
interlocking  of  angular  particles  strengthens  the  con- 
crete. Materials  for  coarse  aggregate  must  be  of  reason- 
ably uniform  quality,  clean,  free  of  excess  dust  and  flat 
or  elongated  particles,  and  have  less  than  50  percent  loss 
in  the  Los  Angeles  rattler  abrasion  test.  Particles  must  be 
sound,  hard,  durable,  and  free  from  coatings  of  clay 
or  other  substances.  When  uncrushed  gravel  is  used,  it 
must  have  a  rough  surface  texture. 

Fine  aggregate  for  asphalt  concrete  consists  of  par- 
ticles that  pass  the  No.  10  sieve  but  are  retained  on  the 
No.  200  sieve.  It  may  consist  either  of  sand  or  finely 
crushed  stone,  or  a  mixture  of  the  two.  Grains  must  be 
clean,  tough,  rough  surfaced,  and  free  from  clay,  loam, 
or  other  foreign  matter. 

The  mineral  filler  must  pass  a  No.  200  sieve,  and  may 
consist  of  limestone  dust  or  other  approved  mineral  dust, 
which  is  dry  and  free  of  lumps  and  loosely  bonded  aggre- 
gations. In  the  past,  clay  and  soil  in  unwashed  aggregate 
have  been  commonly  accepted  in  asphalt  concrete  as 
mineral  filler,  but  most  agencies  in  California  now 
specify  that  only  stone  dust  be  used  for  mineral  filler. 

Table  A  shows  recommended  particle  size  distribu- 
tions, amounts  of  asphalt  cement,  and  suggested  usage 
for  five  typical  asphaltic  concrete  mixes.  Agencies  that 
use  asphaltic  concrete  may  have  individual  specifica- 
tions (e.g.,  California  Div.  of  Highways,  1954,  pp.  112- 
162).  A.S.T.M.  Tentative  Specifications  D692-54  (A.S. 
T.M.  1954,  pp.  27-28)  gives  further  details. 

Except  for  mineral  filler,  aggregate  for  asphaltic  con- 
crete meets  the  same  requirements  as  aggregate  for 
Portland  cement  concrete,  and  large  commercial  plants 
commonly  sell  material  from  the  same  bins  for  both  uses. 
Gravel  is  preferred  to  crushed  stone  in  portland  cement 
concrete,  and  crushed  stone  to  gravel  in  asphaltic  con- 
crete, but  in  localities  where  only  one  type  of  aggregate 
is  readily  available  it  is  ordinarily  used  in  both  types  of 
concrete. 

Bituminous  macadam  is  a  type  of  paving  composed  of 
several  overlying  courses  *  of  crushed  stone  laid  in  pro- 

•  A  course  i.s  a  layer  of  road-building-  material  laid  down  and  com- 
pacted  as   a   unit.   Two   or   more   cour.ses   of   different   materials 
and   thicknesses   are   ordinarily   superimposed   to   form   a   com 
pleted  road. 
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gressively  finer  sizes,  each  course  impregnated  with 
heavy  oil  and  compacted  with  a  roller  before  the  next 
course  is  added.  Requirements  for  bituminous  macadam 
aggregate  are  similar  to  those  for  asphalt  concrete  aggre- 
gate, except  that  little  or  no  mineral  filler  is  used. 
Macadam  was  the  earliest  type  of  bituminous-bound 
pavement  to  be  developed,  but  its  service  qualities 
are  inferior  to  asphalt  concrete.  In  recent  years  "hot 
plants,"  for  the  manufacture  of  asphalt  concrete,  have 
been  established  in  nearly  all  sections  of  California,  so 
that  little  or  no  macadam  pavement  is  manufactured. 
Detailed  specifications  appear  in  publications  of  road- 
building  agencies,  such  as  the  California  Division  of 
Highways  (1949,  pp.  166-170),  and  in  A.S.T.M.  Specifi- 
cations D693-54  (A.S.T.M.  1954,  pp.  29-31).  A  repre- 
sentative specification  for  size  distribution  in  bitumi- 
nous macadam  surface  appears  in  table  B. 

Water-bound  macadam  pavement,  in  which  fine  mate- 
rial or  screenings  act  as  the  only  binder,  has  similar 
specifications  for  quality  of  aggregate.  Disintegrated 
granitic  rock  with  natural  clay  binder  (see  aggregate 
base)  serves  most  of  the  purposes  of  water-bound  mac- 
adam in  California.  Requirements  for  aggregate  in 
water-bound  macadam  appear  in  A.S.T.M.  Specification 
D694-54  (A.S.T.M.  1954,  pp.  32-34). 

Table  B.     Macadam  aggregate.     Size  grading  requirements  of 

aggregate  for  use  in  bituminous  macadam  surface 

(California  Div.  Highways  19^9,  p.  IGI ). 

Percentage  passing  sieve 


Sieve  size 


2M"-  — 
2  '.... 
IJ^'— - 
1     '.-.. 

H"-  — 
H'— - 
%'-... 

No.  4... 

No.  8... 

No.  16.. 

No.  200 


ROCK 


Coarse  Fine 


100 
90-100 


0-10 
0-3 


0-1 


100 
90-100 


O-IO 
0-3 


SCREENINGS 


Coarse         Medium  Fine 


100 
90-100 
0-15 
0-4 


100 
90-100 
0-15 
0-3 

0-1 


100 

90-100 

0-15 

0-3 

0-1 


Aggregate  Base.  Aggregate  base,  which  includes  both 
untreated  base  and  cement-treated  base,  is  used  in  high- 
ways and  paving  construction  for  base  courses.  Base 
courses  are  the  lowermost  built-up  courses  that  directly 
overlie  the  subgrade,  or  reworked  natural  underlying 
material,  and  support  the  paving  or  surface  courses  (see 
California  Div.  Highways  1954,  pp.  92-110,  and  Los 
Angeles  County  Road  Department  Standard  Specifica- 
tions, 1951,  Section  38,  for  descriptions  of  base  courses 
and  types  of  aggregate  base.)  Sandy  material  may  be 
used  in  the  lower  base  course,  or  subbase,  but  crushed 
stone  is  preferred  for  the  upper  base  course,  directly 
beneath  the  paving  courses.  The  uppermost  several 
inches  of  the  base  course  are  commonly  strengthened  by 
tlie  addition  of  portland  cement. 

Crushed  stone  to  be  used  for  aggregate  base  should  be 
free  of  loam,  adobe,  vegetable  matter,  and  other  detri- 
mental substances.  It  must  compact  and  bind  readily 
under  rolling,  have  low  plasticity,  low  expansion,  and 
high  bearing  ratio. 

19—37833 


FiGUEE  19.  Photo  of  California's  largest  active  slate  mine,  the 
Pacific  Minerals  Company,  Ltd.,  operation  at  Chili  Bar,  north  of 
Placerville,  El  Dorado  County ;  view  southward  across  the  Ameri- 
can River.  Steeply  dipping  Jurassic  Mariposa  slate  was  obtained 
in  the  early  1900's  from  the  quarry  face  shown  for  roofing  slate ; 
since  1928  it  has  been  quarried  in  huge  underground  chambers  and 
crushed  to  produce  roofing  granules  for  prepared  roofing  and  filler 
dust.  Photo  by  Mort  D.  Turner. 

Throughout  most  of  California  the  crushed  stone  that 
is  used  for  aggregate  base  is  of  the  same  quality  as  that 
used  for  concrete  aggregate  but  limits  of  size  distribu- 
tion are  broader,  and  a  higher  percentage  of  fines  is  per- 
missible in  aggregate  base  than  in  aggregate. 

In  southern  California,  thoroughly  weathered  gra- 
nitic rock  known  as  decomposed  granite  or  "DG"  is 
commonly  used  as  aggregate  base.  Ideally  decomposed 
granite  deposits  contain  stone  weak  enough  to  be  quar- 
ried without  explosives  and  to  require  little  crushing  or 
screening,  and  yet  strong  enough  for  compaction  into  a 
stable  base  course.  Clay  content  should  be  low  enough 
to  avoid  plastic  flow  and  permit  good  drainage.  Cali- 
fornia Division  of  Highways  specifies  3  to  9  percent 
passing  No.  200  sieve,  and  also  requires  plasticity  tests. 

Hundreds  of  sources  of  decomposed  granite  have  been 
worked  in  the  Los  Angeles  area  for  use  on  local  paving 
projects,  mostly  on  contract  for  municipal  agencies. 

Most  aggregate  base  is  used  for  roads,  parking  lots, 
and  other  paved  surfaces,  but  small  amounts  are  used 
for  temporary  surfacing  with  only  the  clay  naturally 
present  to  act  as  binder.  Except  for  crude  crushing  and 
screening  at  some  deposits,  decomposed  granite  is  not 
processed  for  use.  It  is  one  of  the  least  costly  grades  of 
crushed  stone  and  commonly  is  sold  for  about  50  cents 
a  ton  f.o.b.  pit. 

Fill.  Most  fill  material  is  natural  earth  obtained  as 
surplus  from  excavation  or  from  borrow  pits,  and  would 
not  be  classed  as  stone.  Structure  backfill,  as  defined  by 
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Figure  20.  I'liolo  slmwiii^  s.-ickiiif;  of  nmrblc  tt'rrazzo  granules 
at  plant  of  Sonora  Marble  Aggregate  Company  near  Sonora,  Tuol- 
umne County.  Operator  fills  sack  with  100  pounds  of  granules 
from  automatic  measuring  hopper;  sacks  are  conveyed  on  belt  to 
sewing  machine  (left),  where  top  is  sewn  shut;  sacks  are  then 
stacked  on  pallet  (right)  for  loading  by  fork-lift  truck.  Photo  hi/ 
Mary  Hill,  1956. 

California  Div.  Highways,  1954,  p.  66,  contains  no  stones 
or  lumps  larger  than  four  inches  in  greatest  dimension, 
and  has  sand  equivalent  value  of  not  less  than  30  (see 
section  on  sand  and  gravel  in  this  volume).  Crushed 
stone  is  used  for  special  types  of  fill,  such  as  the  cores 
of  dikes  or  dams.  Only  the  least  expensive  grades  of 
crushed  stone,  commonly  crusher-run  fines  or  unclassified 
waste  from  production  of  riprap,  are  used  for  fill.  De- 
composed granite  is  occasionally  used  for  fill  where  a 
project  requires  strong  and  low-shrinking  material,  such 
as  sub-basement  fill  under  buildings. 

Poultry  Grit.  A  minor  but  active  segment  of  Cali- 
fornia's crushed  stone  industry  is  the  poultry  grit 
industry.  All  birds  need  sharp,  hard,  gritty  rock  frag- 
ments in  their  gizzards  to  enable  them  to  "chew." 
Domestic  poultry  commonly  lack  access  to  natural  rock 
fragments  and  must  be  constantly  supplied  if  they  are 
to  thrive.  Rock  for  poultry  grit  should  be  as  hard,  as 
sharp,  and  as  insoluble  as  possible,  and  be  free  from 
organic  or  other  impurities.  It  should  maintain  a  sharp 
cutting  surface  throughout  its  period  of  use,  and  wear 
by  flaking  of  the  particle  surface  rather  than  by  dis- 
solution. Poultry  grit  is  commonly  made  from  crushed 
granitic  rock;  occasionally  from  anorthosite  and  vein 
quartz.  Poultry  grit  is  distinct  in  nature  and  purpose 
from  the  crushed  limestone  given  poultry  as  a  food  sup- 
plement to  provide  lime  (see  section  on  lime  and  lime- 
stone), although  both  are  commonly  mixed  with  the 
poultry  feed. 

Several  thousand  tons  of  poultry  grit,  ranging  in  size 
from  number  26  to  number  4  sieve,  are  consumed  each 
year  in  California,  by  domestic  birds  ranging  in  size 
from  parakeets  to  turkeys.  An  undetermined  tonnage  is 
provided  from  crushed  alluvial  material,  by  sand,  gravel, 
and  crushed  stone  producers,  and  from  standard  sizes  of 
crushed  stone  aggregate.  The  largest  producer  of  poultry 
grit  in  California  is  the  Haven  Granite  Company  who 
since  1952  have  obtained  Cretaceous  (?)  granitic  rock 


from  the  Guy  F.  Atkinson  quarry  in  West  Riverside, 
Riverside  County,  and  crushed  it  solely  for  use  as 
poultry  grit.  Material  from  this  plant  is  marketed  in  six 
standard  sizes  throughout  the  western  states  and  Hawaii. 
Most  poultry  grit  is  marketed  in  100-pound  bags,  for 
prices  in  the  range  of  $15  to  $20  per  ton,  f.o.b.  mills, 
depending  on  sizing  and  tonnage. 

Railroad  Ballast.  Railroad  ballast  (see  Goldbeck, 
A.S.T.M.  1948,  pp.  197-204;  Smith,  1956)  is  the  rock  ma- 
terial placed  on  the  roadbed,  and  on  which  the  ties  are 
laid  (figure  2).  It  mainly  acts  as  a  non-rigid  foundation 
support  to  stabilize  the  ties  against  the  stresses  of  traffic 
and  the  expansion  in  the  rails  due  to  temperature 
changes.  Ballast  also  aids  drainage  of  water  from  the 
ties,  helps  in  maintaining  a  uniform  grade  and  align- 
ment of  the  track,  and  retards  the  growth  of  vegetation. 

Crushed  stone  is  widely  used  as  ballast.  Moderate  ton- 
nages of  crushed  slag  from  abandoned  smelters  are  used 
for  ballast  in  northern  and  central  California:  crushed 
blast  furnace  slag  is  used  extensively  for  ballast  in  other 
states.  About  14  percent  of  the  ballast  used  in  California 
is  sand  and  gravel  that  contains  some  crvished  particles. 
In  1952  California  yielded  526,654  short  tons  of  crushed 
stone  valued  at  $404,843  for  railroad  ballast,  an  average 
of  $0.77  per  ton,  compared  to  the  national  average  of 
$0.94  per  ton.  Nearly  two-thirds  of  California's  produc- 
tion of  ballast  consists  of  crushed  cobbles  and  boulders 
obtained  from  alluvial  deposits.  The  remainder  is  divided 
among  granitic  rocks,  volcanic  rocks,  and  sandstone. 

Material  for  use  as  ballast  should  be  hard  and  tough 
enough  to  resist  shattering  by  tamping  tools,  and  wear 
from  vibration  of  the  ties  under  rail  traffic.  Soundness, 
or  resistance  to  freezing  and  thawing,  is  required  to  pre- 
vent disintegration  from  weathering.  American  Railway 
Engineering  Association  specifications  (A.R.E.A.  Bul- 
letin 437,  1943,  p.  532)  state  maximum  allowances  of  5 
percent  soft  and  friable  pieces;  1  percent  material  finer 
than  No.  200  sieve;  and  0.5  percent  clay  lumps.  Forty 
percent  loss  in  the  Los  Angeles  Rattler  abrasion  test  is 
generally  the  maximum  acceptable  limit;  10  percent  is 
the  maximum  acceptable  loss  in  5  cycles  of  the  sodium 
sulfate  soundness  test  (see  discussion  of  testing  in  sec- 
tion on  sand  and  gravel  in  this  volume).  These  require- 
ments are  about  the  same  as  those  for  crushed  stone 
used  as  portland  cement  concrete  aggregate.  The  im- 
portance of  particle  shape  is  incompletely  understood 
(Smith  1956).  Sand  and  gravel  may  be  suitable  for  bal- 
last if  a  certain  proportion,  commonly  ranging  from  20 
to  70  percent,  of  angular  fragments  are  present. 

Nominal  sizes  for  five  main  classes  of  ballast  are  21 
to  f  inch ;  2  to  1  inch ;  1|  to  f  inch ;  1  to  f  inch ;  and 
1  inch  to  No.  4  mesh.  A  recent  trend  has  been  toward  the 
use  of  smaller  sizes  of  ballast.  The  blending  of  particle 
sizes  in  correct  proportions  (figure  3)  is  critical,  espe- 
cially for  ballast  that  contains  a  substantial  proportion 
of  rounded  fragments  (Smith  1956). 

Ballast  is  prepared  by  crushing  and  screening  suitable 
stone  to  the  desired  size  range.  Plants  that  process  com- 
mercial sand,  gravel,  and  crushed  stone  in  the  Los  An- 
geles and  San  Francisco  areas  sell  crushed  alluvial 
cobbles  and  boulders  as  ballast.  The  standard  commercial 
grade  of  crushed  stone  which  is  known  as  l|-inch  and 
is   graded   between   2-inch   and   1-inch   screen   sizes   is 
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Taile  C.  Relation  of  density  (pounds  per  cubic  foot)  to  weight 
(short  tons)  of  riprap  in  several  size  classes  for  use  in  Moss 
Landing  Harhor  (from  U.S.  Army  Corps  of  Engineers  specifica- 
tions). When  stone  of  given  density  is  used,  pieces  must  he  of 
indicated  tonnage  to  result  in  stable  riprap  structures. 


Density  (pount 

s  per  cubic  foot) 

145-154 

155-164 

165-174 

175  + 

c 

L 

A 

S 
S 

1 

50%  of  total  weight  in  pieces  not 
lighter  than: 

Remaining  50%  graded  in  the 
interval; 

(tons) 
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10 
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(tons) 
8 
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6 
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L 

A 
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2 

50%  of  total  weight  in  pieces  not 
lighter  than: 

Remaining  50%  graded  in  the 
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7 
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5 
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4 
2-4 

3 
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L 

A 
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S 
3 

50%  of  total  weight  in  pieces  not 
Hghter  than: 

Remaining  50%  graded  in  the 
interval: 

3 
1-3 

2 
1-2 

2 
1-2 

2 
1-2 

widely  used  for  ballast  in  southern  California.  Large 
tonnages  of  cobbles  from  gold  dredger  tailings  near 
Oroville,  Butte  County,  are  crushed  to  provide  ballast 
for  use  in  northern  California.  Andesitic  rock  quarried 
near  Newberry,  alluvial  fan  material  obtained  at  Afton 
Canyon,  and  volcanic  cinders  from  Mt.  Pisgah,  all  in 
San  Bernardino  County,  as  well  as  volcanic  cinders  ob- 
tained near  Little  Lake,  Inyo  County,  provide  ballast  in 
southeastern  California;  granitic  rock  is  crushed  for 
ballast  at  Piedra,  Fresno  County.  Many  alluvial  deposits 
and  stone  quarries  have  yielded  ballast  in  outlying  dis- 
tricts of  the  state.  Much  of  the  ballast  used  by  the  major 
railroads  is  produced  by  the  companies  from  their  own 
quarries. 

Ballast  is  a  low-cost  crushed  stone  product  that  is 
ordinarily  obtained  as  close  as  possible  to  the  site  of  use 
in  order  to  reduce  transportation  expense:  Costs  of  rail- 
road produced  ballast  are  not  available  for  publication. 
Commercial  crushed  stone  costs  about  the  same  as  for 
aggregate;  $1.20  per  ton  is  obtained  by  one  large  pro- 
ducer for  l^-inch  crushed  stone,  f.o.b.  plant,  in  the  Los 
Angeles  area. 

Riprap.  Riprap,  the  heavy  irregular  fragments  of 
broken  stone,  or  other  resistant  substances,  which  are 
placed  without  mortar  to  provide  protection  from  the 
physical  erosive  action  of  water,  consists  of  blocks  that 
range  in  weight  from  35  tons  to  less  than  100  pounds. 
For  some  projects,  pieces  weighing  as  little  as  2  pounds 
are  specified  (table  D).  It  is  extensively  used  in  river 
and  harbor  areas  to  protect  against  waves,  tides,  strong 
currents,  and  flood  waters.  Smaller  tonnages  are  used  to 
protect  railroad  embankments,  dam  spillways,  and 
bridge  abutments. 

The  principal  requirements  of  stone  to  be  used  as 
riprap  are  (1)  durability  to  resist  the  physical  and 
chemical  attack  of  water;  and   (2)   a  specific  gravity 


FiciLUE  121.  Photo  sliowiiiK  poultry  grit  plant  of  Havi-ii  (Jraiiite 
Company,  West  Riverside,  Riverside  County.  Cretaceous  (?)  gran- 
itic rock  from  the  nearby  Guy  F.  Atkinson  Company  quarry  is 
crushed  to  variously  sized  granules  to  enable  domestic  fowl  to 
masticate.  Photo  taken  1956. 

high  enough  to  prevent  pieces  from  being  moved  by 
water  action.  Riprap  specifications  ordinarily  require 
stone  to  be  sound,  durable,  free  from  laminations  or  weak 
cleavages,  and  of  such  character  that  it  will  not  disinte- 
grate from  the  action  of  water.  The  specific  gravity 
should  be  at  least  2.5.  Loss  in  the  Los  Angeles  Rattler 
abrasion  test  (see  sand  and  gravel  section  for  descrip- 
tion of  test)  should  not  exceed  40  percent  for  500 
revolutions  (California  Div.  Highways,  1954,  p.  269). 
As  long  as  these  physical  requirements  are  fulfilled 
any  type  of  rock  may  be  used;  chemical  and  mineral 
composition  of  the  rock  is  of  minor  importance.  The 
riprap  structures  that  have  been  emplaced  in  California 
have  been  more  damaged  by  the  dislodging  of  stones 
from  the  structure  by  wave  action  than  by  disintegration 
or  breaking  of  individual  pieces.  Density  of  the  stone 
is  an  important  factor  in  determining  the  stability  of 
the  structure.  The  minimum  size  of  stone  required  for 
stable  riprap  varies  approximately  with  the  cube  of  the 
density. 

Table  C,  taken  from  U.  S.  Army  Corps  of  Engineers 
specifications  for  Moss  Landing  Harbor,  Monterey 
County,  illustrates  the  relation  of  density  of  stone  to 
size  required. 

Riprap  should  be  emplaced,  with  reasonable  regard 
to  the  size  and  shape  of  pieces,  so  as  to  (1)  leave  a  mini- 
mum of  voids,  (2)  result  in  a  minimum  of  breakage,  (3) 
stagger  horizontal  and  vertical  joints,  (4)  place  the  long 
axis  of  the  stone  normal  to  the  long  axis  of  the  structure, 
(5)  to  tilt  the  long  axis  of  the  stone  down  slightly  toward 
the  center  of  the  structure  (U.  S.  Army  Corps  of  Engi- 
neers, Specifications  for  Crescent  City  Harbor  project). 

Size  classifications  of  riprap  differ  for  different  proj- 
ects and  different  specifying  agencies.  The  designations 
"A-stone,"  "B-stoue,"  "C-stone,"  and  "D-stone"  are 
applied  to  various  size  ranges  of  stone  in  order  of  de- 
creasing size.  A-stone,  sometimes  called  capstone,  derrick 
stone,  or  armorstone,  is  the  largest  size  and  ordinarily 
is  used  as  a  facing  to  protect  the  smaller  sizes  that  make 
up  the  core  of  the  structure.  Overlap  of  sizes  in  adjacent 
size  ranges  is  common. 

As  transportation  costs  figure  heavily  in  the  ultimate 
co.st  of  delivered  riprap,  it  is  obtained  as  near  the  site 
of  use  as  suitable  rock  can  be  found.  In  different  parts 
of  California  different  types  of  stone  are  used,  depending 
on  their  availability.  The  main  use  of  riprap  in  northern 
California  is  for  jetties  and  breakwaters  in  harbor  de- 
velopment projects  supervised  by  the  U.  S.  Army  Corps 
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Table  D.     Examples  of  riprap  grading 


A-Stone 

B-Stone 

C-Stone 

D-Stone 

1.  At  least  50%  of  total  tonnage  of  this  class  in 
pieces  heavier  than  1ft  tons;  none  lighter 
than  1  ton. 

At  least  35%  of  total  tonnage  of  this 
class  in  pieces  heavier  than  2  tons; 
at  most  20%  in  pieces  lighter  than 
20  pounds;  at  most  5%   in  pieces 
lighter  than  1  pound. 

"Earth  core"— no  size  specification. 

2.  100%  of  total  tonnage  of  this  class  in  pieces 
weighing  between  1  and  6  tons;  at  least 
50%  heavier  than  3  tons. 

40%  of  total  tonnage  of  this  class  in 
pieces   weighing    between    1    and    5 
tons;  at  most  25%  lighter  than  100 
pounds;  at  most  5%  lighter  than  1 
pound. 

Total  tonnage  in  this  class  in  pieces 
lighter  than  1000  pounds;  at  most 
10%  heavier  than  100  pounds;  about 
25%  between  10  and  100  pounds;  at 
least  50%  heavier  than  10  pounds; 
at  most  5%  of  any  one  load  earth 
and  fines. 

3.  ("Derrick  stone") 

Total  tonnage  in  this  class  in  pieces  weighing 
between  5  and  4500  pounds:  20%  between 
1500  and  4500  pounds;  60%  between  450 
and  1500  pounds;  15%  between  100  and 
450  pounds ;  5%  between  6  and  100  pounds. 

("Riprap") 

Total  tonnage  in  this  class  in  pieces 

weighing  between  2  and  500  pounds; 

20%  between  185  and  500  pounds; 

60%    between   7   and    185   pounds; 

20%  between  2  and  7  pounds. 

("Spalls") 

Total  tonnage  in  this  class  in  pieces 

between  No.  4  screen  and  9  inches 

in  size. 

("Filler  material") 

Total  tonnage  in  this  class  in  pieces 
between  No.  100  screen  and  1}4 
inches  in  size. 

4.  Most  material  in  the  weight  range  from  1  to 
10  tons;  pieces  as  large  as  35  tons  when 
required. 

("Riprap")  Total  tonnage  in  this  class 
larger  than  12  inches  diameter  and 
weighing  less  than  2  tons. 

Total  tonnage  in  this  class  in  pieces 
between  6  and  12  inches  in  diameter. 

("Crusher-run  base")  Total  tonnage 
in  this  class  in  pieces  smaller  than  2 
inches  in  diameter,  including  all 
fines  produced  during  crushing. 

5.  ("Armor  stone").  Total  tonnage  in  this  class 
in  pieces  weighing  between  7  and  17  tons, 
but  averaging  not  less  than  12  tons. 

Total  tonnage  in  this  class  in  pieces 
weighing  between  2  and  7  tons,  at 
least  50%  heavier  than  4)^  tons. 

Total  tonnage  in  this  class  in  pieces 
ranging  from  2  tons  weight  to  rock 
dust;  at  least  40%  heavier  than  500 
pounds;  at  least  60%  heavier  than 
200  pounds;  at  most  10%  lighter 
than  5  pounds. 

SIZE  GRADE  SPECIFICATIONS  FOR   RIPRAP  OBTAINED  FROM   FOLLOWING  SOURCES: 


1.  U.  S.  District  Engineer's  speclflcatloiis  for  detached  breakwater,  Los  Angeles  Harbor. 

2.  Los  Angeles  City  Engineer's  specifications  for  jetty  at  entrance  to  Fish  Harbor. 

3.  U.  S.  Army  Corps  of  Engineers  specifications  for  flood  control  channel  linings  in  Los 
Angeles  harbor  areas. 

of  Engineers.  Tough  arkosic  sandstone  of  the  Franciscan 
formation  or  similar  to  it,  has  been  quarried  in  several 
nearby  localities  for  use  in  the  harbors  at  Crescent  City, 
Del  Norte  County ;  Humboldt  Bay  and  Noyo,  Humboldt 
County;  and  Bodega  Bay,  Marin  County.  Quarries  in 
Franciscan  sandstone  at  McNear  Point  in  Marin  County, 
and  Point  Richmond  in  Contra  Costa  County,  have 
yielded  most  of  the  riprap  for  projects  in  the  San  Fran- 
cisco Bay  area.  Granitic  rock  of  the  Santa  Lucia  forma- 
tion quarried  at  Logan,  San  Benito  County,  and  in 
Monterey,  Monterey  County,  has  been  used  at  Moss 
Landing  and  Monterey  harbors.  In  addition,  metamor- 
phosed Franciscan  sandstone  from  Brisbane,  San  Mateo 
County,  was  used  at  Moss  Ijanding  and  granitic  rock 
from  Rocklin,  Placer  County,  was  used  at  Monterey. 

A  shortage  of  suitable  stone  for  riprap  exists  in  the 
vicinity  of  the  Los  Angeles  harbor  at  San  Pedro.  Abun- 
dant granitic  and  metamorphic  rocks  exist  in  the  San 
Gabriel  Mountains  but  are  generally  too  fractured  and 
decomposed  to  be  suitable.  Cretaceous  sandstone  quar- 
ried near  Chatsworth,  Los  Angeles  County,  was  used  in 
the  San  Pedro  breakwater  built  about  1906  (Anbury 
1906,  p.  130).  Since  then  nearly  all  riprap  used  in  the 
Los  Angeles  areas  has  been  obtained  from  occurrences 
of  relatively  unweathered  Cretaceous  ( ?)  granitic  rocks 
near  Riverside  in  San  Bernardino  and  Riverside  Coun- 
ties, or  from  Mesozoic  ( ?)  metaconglomerate,  serpentine, 
and  metavoleanic  rocks  barged  from  Santa  Catalina 
Island  (Bailey  1954,  geologic  map).  The  cost  of  barge 
haulage  from  Santa  Catalina  Island  to  coastal  points  in 
Los  Angeles  County  is  considerably  less  than  that  of 
truck  or  rail  haulage  from  most  of  the  inland  sources  of 


4.  Size  of  stone  commonly  produced  at  Santa  Catallia  Island  quarries  (Gay  and  Hoffman, 
1954,  p.  331). 

5.  U.   S.   Army  Corps   of  Engineers  specifications  for  breakwater  stone.   Crescent  City 
Harbor  project. 

riprap.  Riprap  for  San  Diego  harbor  projects  is  obtained 
mainly  from  quarries  in  Peninsular  Range  granitic  rocks 
near  Santee  and  Bscondido,  San  Diego  County.  The  rel- 
atively minor  tonnages  of  riprap  placed  along  highway 
and  railroad  embankments  throughout  the  state  are  ob- 
tained from  various  localities  which  are  mostly  near  the 
point  of  use. 

Portland  cement  concrete  blocks,  either  scrap  or  made 
to  order,  and  concrete-filled  sacks  are  sometimes  used 
for  riprap  when  satisfactory  natural  stone  is  unavailable. 
At  Humboldt  Bay  concrete  cubes  that  weighed  as  much 
as  100  tons  and  tetrahedrons  that  weighed  4  to  8  tons 
each  were  emplaced  as  riprap  along  the  sides  and  ends 
of  jetties. 

Riprap  is  produced  by  relatively  simple  open-pit 
quarry  methods,  almost  entirely  from  side-hill  quarries 
where  exposures  are  good  and  waste  disposal  simple.  The 
rock  is  broken  by  explosives  which  are  detonated  in 
churn  or  pneumatic  drill  holes  or  in  coyote  holes.  Ijarge 
cranes  are  used  to  sort  and  load  required  sizes  of  stone 
on  trucks,  railroad  cars,  or  barges  for  haul  to  the  site 
of  use.  Smaller  sizes  of  riprap  may  be  dumped  in  place, 
but  the  larger  stone  is  carefully  emplaced  by  craiira 
(figure  15). 

Riprap  is  among  the  lowest  cost  varieties  of  broken 
stone,  because  it  is  used  essentially  in  the  form  that  it  is 
quarried,  and  requires  little  handling  or  classification 
to  size.  The  large  tonnages  ordinarily  used  in  a  given 
project  enable  the  application  of  large-scale,  low-cost 
production  methods.  Many  of  the  quarries  that  yield  rip- 
rap, although  large,  are  intermittently  active  or  are 
worked  only  during  the  life  of  a  project.  Riprap  is  com- 
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monly  sold  for  about  $5  to  $10  per  ton  emplaced.  As 
much  as  half  of  the  price  may  be  transportation  cost. 
Large  riprap  quarried  in  1955  from  granitic  rock  near 
Riverside,  for  use  on  the  much-publicized  Redondo 
Beach  sea  wall,  cost  about  $8  per  ton  in  place ;  trucking 
costs  were  about  $3.50  per  ton  for  the  70-mile  haul,  ac- 
cording to  project  engineers.  In  1953,  the  U.  S.  Army 
Corps  of  Engineers  spent  about  $100,000  to  establish  a 
quarry  in  Franciscan  sand.stone  at  Pt.  St.  George,  Del 
Norte  Countj^  to  obtain  stone  for  the  Crescent  City 
Harbor  project,  about  5  miles  away. 

After  this  initial  outlay,  $6  per  ton  was  paid  for 
41,000  tons  of  A-stone,  $4.50  per  ton  for  23,000  tons  of 
B-stone  and  $4  for  29.000  tons  of  C-stone,  all  emplaced. 
Prices  between  $2  and  $2.25  per  ton  were  quoted  for 
granitic  riprap  stone  for  the  Moss  Landing  project,  f.o.b. 
quarries,  in  1952.  The  accepted  bid  on  that  project  was 
$7.50  per  ton  for  A-stone,  and  $6.00  per  ton  for  B-  and 
C-stone,  emplaced,  according  to  the  U.  S.  Army  Corps 
of  Engineers. 

Roofing  Granules.  Crushed  stone  granules  are  used 
widely  in  California  as  a  covering  for  asphalt-base  roofs. 
Two  main  types  of  asphalt  roofing — built-up  and  pre- 
pared— are  in  general  use.  Prepared  roofing  consists  of 
asphalt-impregnated  felt  which  is  covered  with  fine  rock 
particles  during  manufacture.  It  is  sold  in  shingles  or 
rolls  ready  to  nail  in  place.  Built-up  roofing,  on  the  other 
hand,  is  assembled  on  the  job,  and  consists  of  successive 
courses  of  asphalt-impregnated  felt  laid  on  the  roof, 
with  hot  roofing  asphalt  applied  on  top  of  each  course. 
Rock  granules  are  spread  over  the  uppermost  coating  of 
tar,  which  solidifies  and  holds  them  in  place.  The  pur- 
pose of  the  roofing  granules  is  the  same  in  each  type  of 
roof :  to  protect  the  asphalt  from  actinic  rays  of  the  sun, 
to  prevent  deterioration,  cracking,  and  water  penetra- 
tion. 

Materials  for  roofing  granules  can  be  classified  as  (1) 
natural  rock,  including  white,  black  and  colored  types; 
(2)  artificially  colored  rock;  and  (3)  artificial  sub- 
stances. White  natural  rock  granules  are  mainly  lime- 
stone or  dolomite ;  black  natural  rock  granules  are  mainly 
slate  or  alluvial  grains  of  dark  minerals  such  as  ilmenite. 
Colored  natural  rock  granules  are  mainly  tuffaceous  vol- 
canic rocks  in  various  shades  of  red,  pink,  brown,  and 
green,  but  also  include  red  or  gold-colored  granitic  rocks, 
dark  red  volcanic  cinders,  and  green  metamorphic  rocks. 
Artificially  colored  granules  are  made  by  coating  closely 
sized  fragments  of  suitable  volcanic  rock  with  subvi- 
treous  ceramic  glazes  of  the  color  desired. 

Nearly  all  of  the  artificially  colored  granules  produced 
in  California  are  made  at  Corona,  Riverside  County, 
from  Jurassic  (?)  Temescal  Wash  quartz  latite  por- 
phyry. 

The  artificial  substances  that  are  crushed  for  roofing 
granules  are  mainly  rejected  or  used  ceramic  products 
such  as  sewer  tile,  common  brick,  fire  brick,  glazed  wall 
tile,  and  sanitary  whiteware.  Crushed  blast  furnace  slag 
and  expanded  shale  also  are  employed. 

Granules  for  built-up  roofs  should  be  (1)  opaque  to 
actinic  rays,  (2)  clean  (minimum  of  dirt  or  fines),  (3) 
dry,  and  (4)  hard.  Opacity  protects  the  asphalt.  Clean- 
ness permits  the  granules  to  stick  well,  as  dust  would 
coat  the  hot  tar  surface  and  prevent  a  clean  contact  with 
the  larger  granules  as  they  are  emplaced.  Less  than  3 


percent,  by  weight,  of  granules  should  be  fines.  Hardness 
keeps  dust  from  forming,  by  attrition  between  granules, 
while  the  sacks  are  transported  to  the  job.  Dryness  (lack 
of  free  moisture)  also  enables  the  granules  to  stick  well. 

In  addition  to  these  basic  requirements,  the  color,  par- 
ticle shape,  size  grading,  and  surface  texture  of  the  gran- 
ules are  commonly  considered  to  be  important  qualities. 
Colors  should  be  pleasing  to  the  eye,  resistant  to  fading 
or  staining,  and  reasonably  uniform  for  a  given  type  of 
granule.  White  granules,  very  popular  in  California  in 
the  1940 's,  were  superseded  in  popularity  by  colored 
granules  in  the  early  1950 's.  Subdued,  pastel  shades  of 
green,  blue,  red,  pink,  and  brown  are  popular  among  the 
colored  granules.  Several  colors  occasionally  are  blended 
to  produce  special  effects.  On  large  flat  roofs  of  tall 
industrial  or  public  buildings,  where  appearance  is  of 
minor  importance,  gray  granules,  made  of  blast  furnace 
slag  or  alluvial  pea  gravel,  are  commonly  used. 

Particle  shape  is  the  principal  factor  in  determining 
the  degree  of  coverage,  and  also  markedly  influences  the 
adhering  qualities.  Flat,  wedge-shaped  particles  give 
optimum  coverage  per  ton  of  granules ;  angular  particles 
make  a  better  bond  with  the  asphalt  than  rounded  ones. 

Normal  size  gradings  for  standard  granules  are  ordi- 
narily in  the  range  of  about  3  to  ^  inch.  Granules  graded 
evenly  throughout  their  nominal  size  range  give  opti- 
mum coverage,  as  the  finer  particles  fill  the  open  spaces 
between  the  larger  ones.  Finer  size  gradings  give  more 
extensive  coverage  per  ton  of  granules,  but  the  thinner 
the  granule  layer,  the  less  it  protects  the  roof.  An  increas- 
ingly popular  practice  is  to  place  rock  particles  as  large 
as  3  inches  in  maximum  dimension  on  top  of  the  standard 
size  granules  for  the  textural  effect ;  such  oversize  gran- 
ules are  termed  "shadow  rock." 

The  nature  of  the  surface  of  the  granules  may  affect 
the  bond  with  the  asphalt  as  porous  granules  may  cause 
deterioration  of  the  asphalt  by  drawing  the  light  oil 
fractions  out  of  the  asphalt  by  capillary  action.  Such 
granules  may  themselves  be  discolored  by  the  dark  oils. 

Rock  for  built-up  roof  granules  is  obtained  and  milled 
as  close  to  main  areas  of  consumption  as  possible.  South- 
ern California  is  the  center  of  production  and  consump- 
tion in  the  state.  Naturally  colored  granules  are  milled 
in  Kern  County,  near  Rosamond,  Tehachapi,  and  Mo- 
javc;  in  San  Bernardino  County,  near  Barstow;  in  Los 
Angeles  County,  near  Acton  and  Azusa;  and  in  San 
Diego  County,  near  Jacumba.  White  granules  are  mainly 
obtained  near  Victorville  and  Adelanto,  San  Bernardino 
County;  near  Riverside  and  Palm  Springs,  Riverside 
County;  at  Columbia,  Tuolumne  County;  at  Shingle 
Springs,  El  Dorado  County ;  and  near  Santa  Cruz,  Santa 
Cruz  County.  Many  firms  which  crush  limestone  or  dolo- 
mite for  other  purposes  sell  small  amounts  for  roofing 
granules.  The  Kaiser  Aluminum  and  Chemical  Corpora- 
tion dolomite  quarry  at  Natividad,  Monterey  County, 
yields  a  large  tonnage  of  roof  granules  that  are  trans- 
ported as  far  as  the  Los  Angeles  area.  Wall-tile,  sewer- 
tile,  and  similar  industrial  waste  are  crushed  at  mills  in 
the  Los  Angeles  area  to  make  granules  for  built-up  roofs. 
A  small  percentage  of  artificially  colored  granules  made 
at  Corona,  Riverside  County,  and  Puente,  Los  Angeles 
County,  are  used  for  built-up  roofs,  as  are  minor 
amounts  of  the  volcanic  cinders  quarried  near  Little 
Lake,  Inyo  County.  The  production  of  colored  granules 
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in  central  and  northern  California  is  relatively  minor 
and  large  tonnages  are  shipped  into  these  areas  from 
sources  in  southern  California.  Dark  gray  to  black  gran- 
ules are  produced  from  slate  at  Chili  Bar,  El  Dorado 
County ;  aluminum  was  formerly  used  on  these  granules 
to  increase  reflectivity.  Greenstone,  obtained  in  under- 
ground workings  at  Angels  Camp,  Calaveras  County, 
also  has  been  used  to  make  green  granules. 

Production  methods  are  similar  throughout  the  in- 
dustry. Rock  of  desirable  color  and  quality  is  sought  in 
quarry  sites  as  close  as  possible  to  the  mill  and  to  mar- 
kets. After  it  has  been  drilled  and  blasted,  rock  is  loaded 
by  front-end  loaders  to  trucks  which  haul  it  to  the  mill. 
After  passing  a  grizzly,  usually  with  5-  to  8-inch  open- 
ings, the  rock  is  crushed  to  about  minus  two  inches  in  a 
jaw  crusher.  It  is  then  screened  on  vibrating  screens, 
the  standard  %  to  %  inch  size  going  to  a  bin  for  sack- 
ing in  90-  or  100-pound  paper  sacks,  tied  with  a  wire. 
The  fines  are  discarded,  while  oversize  particles  are  re- 
crushed  in  a  secondary  crusher,  ordinarily  a  roll  crusher, 
and  returned  to  the  screen.  If  shadow  rock  is  desired, 
a  different  screen  may  be  used  or  oversize  particles  from 
the  standard  screen  may  be  sacked  directly.  Special  dust- 
collecting  apparatus  is  used  at  some  mills. 

Nearly  all  granules  are  sold  sacked  f.o.b.  mill,  to 
dealers  in  roofing  materials.  In  1956  white  granules  were 
marketed  for  about  $8  to  $11  per  ton  and  natural  colored 
granules  for  about  $13.50  to  $16.50  per  ton.  The  rela- 
tively minor  tonnage  of  granules  shipped  in  bulk  by 
truck  or  rail  cost  one  or  two  dollars  a  ton  less.  Trans- 
portation and  handling  costs  add  about  $5  to  $10  per 
ton  for  granules  at  distributors'  warehouses. 

Built-up  roofs  are  used  in  temperate,  snow-free  parts 
of  the  state  where  flat  or  gently  sloping  roofs  are  prac- 
ticable. Ijarge  tracts  and  new  housing  developments  near 
the  main  population  centers  provide  the  market  for  most 
of  the  state 's  output  of  roofing  granules.  Minor  tonnages 
are  used  in  smaller  cities  and  some  are  shipped  out  of 
state  to  destinations  as  distant  as  Denver,  Colorado. 

The  artificially  colored  granules  which  are  used  on 
prepared  roll  and  shingle  roofing  are  mostly  in  the  range 
10  to  35  mesh.  Physical  specifications  as  to  opacity,  clean- 
ness, dryness,  hardness,  and  uniformity  of  color  are  sim- 
ilar to  those  for  the  granules  used  on  built-up  roofs. 

The  principal  manufacturer  of  artificially  colored 
granules  in  California  is  the  Minnesota  Mining  and  Man- 
ufacturing Company,  whose  quarry,  plant  and  offices  are 
at  Corona,  Riverside  County  (Utley,  1949).  This  com- 
pany operates  one  of  the  state's  largest  quarries  in  a 
body  of  Jurassic  ( ? )  quartz  latite  porphyry.  In  a  plant 
at  the  quarry  this  rock  is  crushed,  screened  and  coated 
with  a  subvitreous  ceramic  glaze.  A  wide  selection  of 
colors  is  produced ;  some  of  the  most  popular  are  pastel 
shades  of  red,  green,  and  blue.  Granules  are  distributed 
to  prepared  roofing  manufacturers  in  the  Los  Angeles 
and  San  Francisco  areas,  and  various  out-of-state  locali- 
ties, some  as  distant  as  Vancouver,  British  Columbia. 

Terrazzo.  Terrazzo  is  a  type  of  floor  surface  that  con- 
sists of  marble  granules  embedded  in  portland  cement 
and  sand  matrix,  with  the  surface  machined  and  polished 
to  a  high  gloss  finish.  Most  terrazzo  is  laid  and  surfaced 
in  place,  but  in  recent  years  an  increasing  number  of 
plant-east  slabs  of  terrazzo  have  been  used  for  steps, 
building  facings,  and  various  decorative  applications. 


Terrazzo  surfacing  is  commonly  about  five-eighths  of 
an  inch  thick,  but  it  may  range  from  a  quarter  of  an  inch 
to  one  inch  in  thickness.  The  mixture  consists  of  about 
70  percent  marble  granules,  and  about  30  percent  port- 
land  cement;  one  or  two  percent  of  aluminum  oxide 
grain  abrasive  may  be  added  to  improve  traction.  Deco- 
rative effects  are  achieved  by  the  use  of  granules  of  dif- 
ferent sizes  and  color  combinations,  and  by  using  various 
colored  cements. 

For  use  as  terrazzo  granules,  marble  fragments  should 
be  hard,  dense,  free  from  soft  or  friable  material,  dirt, 
shale,  mica,  organic  matter,  loam,  and  other  deleterious 
substances.  Colors  and  size  proportions  are  optional; 
the  following  sizes  were  specified  for  one  large  project 
(Metropolitan  Water  District  specifications  731,  La 
Verne  Filtration  Plant,  Los  Angeles  County,  p.  84)  : 

No.  Mesh  (inches)  Percent 

1 J-f  20 

2 i-f  30 

3 H  50 

(with  not  more  than  10  percent  marble  dust). 

Commonly  used  commercial  sizes  of  terrazzo  granules 
are  No.  1:  /g  to  \  inch;  No.  2:  |  to  yV  inch;  and  No.  3: 
■|  to  f  inch.  An  8-mesh  granule  and  a  mixture  of  sizes 
known  as  "Venetian  mix"  are  also  produced  in  Cali- 
fornia. 

An  estimated  5  to  10  thousand  tons  of  terrazzo  gran- 
ules are  consumed  in  California  each  year,  chiefly  in 
the  southern  California  area.  The  sources  of  this  material 
include  a  number  of  other  states  and  foreign  countries; 
less  than  1,000  tons  of  terrazzo  granules  are  produced 
each  year  in  California. 

Although  minor  amounts  of  terrazzo  granules  have 
been  quarried  in  the  past  in  Inyo,  Tuolumne,  and  Santa 
Cruz  Counties,  since  1950  only  one  firm  with  quarries 
near  Sonora,  'Tuolumne  County,  is  known  to  have  been 
an  active  supplier  of  terrazzo  granules.  In  this  opera- 
tion, marble  of  the  Mississippian  Calaveras  formation  is 
crushed  to  form  granules;  colors  produced  are  white, 
yellow,  ivory,  gray,  blue,  green,  black,  and  red.  This 
output  is  marketed  almost  entirely  in  California,  for 
prices  ranging  from  $21.50  to  $43  per  ton,  according  to 
size  and  color,  f.o.b.  truck  at  Sonora,  minimum  lots  20 
tons.  Retail  prices  in  California  depend  on  color,  size, 
quantity,  quality,  and  source,  and  range  from  $2  to  $4 
per  100-pound  sack,  delivered. 

Early  in  1956  the  first  known  pre-stressed  terrazzo 
slabs  were  manufactured  in  the  Los  Angeles  area.  These 
are  poured  |-inch  thick  in  3-  by  500-foot  beds,  along 
which  16-gauge  wires  are  stretched  at  one-inch  intervals, 
to  150,000  psi  tension.  When  the  cement  hardens  the 
slab  is  surfaced  and  sawed  into  usable  sizes  with  each 
dimension  a  multiple  of  18  inches.  These  slabs  were  being 
retailed  for  about  $1  per  square  foot. 

Granules  other  than  marble  are  used  in  a  minor  pro- 
portion of  the  prepared  stone  surfacing  made  in  Cali- 
fornia. Because  most  other  usable  types  of  granule  are 
much  harder  than  marble,  the  costs  of  sawing,  grinding, 
and  polishing  are  higher  than  for  terrazzo.  Two  manu- 
facturers, one  in  the  San  Francisco  area  and  one  in  the 
Los  Angeles  area,  each  make  two  types  of  prepared  stone 
surfacing,  known  as  "mo-sai  stone"  and  "reconstructed 
granite."  Each  is  a  terrazzo-like  surface,  in  which  gran- 
ules of  quartz  and  granitic  rocks  are  embedded,  either 
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Field  of  use 

Type  of  rock 

Function 

Remarks 

Abrasives -- 

Quartzite,  nepheline  syenite,  granite. 
Clay,  diatomite,  limestone,  pumice,  tripoli, 

soapstone. 
Quartz,  garnet,  emery,  quartz,  quartzite. 

Granite. 

Pebbles  in  grinding  mills. 

Polishing,    lapping,    and    bufRng    powder; 
dentrifice;  cleansing  compounds. 

Sandpaper,  sandblastinp,  emery  paper  in- 
gredient, in  carborundum. 

Poultry  grit;  to  enable  fowl  to  masticate. 

See  sections  on   abrasives;   cement;   clay; 

diatomite;  lime,  limestone,  and  dolomite; 
pumice,  pumicite,  perlite  and  volcanic 
cinders;  quartzite  and  vein  quartz; 
specialty  sands;  talc  and  soapstone. 

Diatomite,    perlite    and    pumice,    volcanic 

cinders. 
Limestone,    marl,    gypsum,    sulfur-bearing 

volcanic  rock,  granitic  rock. 
Quartz,  tuffs. 
Granitic  rocks. 

Shale,  diatomite,  pyrophyliite. 
Limestone  (seashells  and  calcite). 

Improves  physical  condition  of  soil. 

Improves  physical  and  chemical  condition 

of  soil;  adds  nutritive  values. 
Chinchilla  dust  baths. 
Poultry  grit. 

Insecticide  carrier,  fluffing  agent. 
Supplemental  source  of  calcium  carbonate 

for  poultry,  cattle  feed. 

See  sections  on  diatomite;  gypsum  and  gyp- 

site;  lime,  limestone,  and  dolomite; 
pumice,  pumicite.  perlite  and  vclcanic 
cinders;  phosphates;  and  sulfur;  also  see 
Jenny,  and  others,  1951. 

Quartz,  quartzite,  limestone. 

Quartzite,  limestone. 
Quartzite. 

Ingredient  in  body  of  various  whitewares 

and  frits. 
Body  and  binder  of  silica  refractory  bricks. 
Placing  or  potters  sand. 

See  sections  on  lime,  limestone,  and  dolo- 

mite; specialty  sands;  vein  quartz  and 
quartzite. 

Limestone. 
Quartz,  quartzite. 

Acid  neutralizer,  etc. 

Catalyst  carrier  in  oil  refinery  processes. 

See  sections  on  lime,  Hmestone,  and  dolo- 

mite; quartzite  and  quartz. 

Cigarette  urns 

Limestone. 

Clean,  attractive  appearance. 

See  section  on  specialty  sands. 

Filler 

Clay,     diatomite,     limestone,     soapstone, 
quartz,  talc,  pyrophyliite. 

Inert,   colorless   extender;   various  specific 
functions  depending  on  field  of  use. 

See  sections  on  clay;  diatomite;  lime,  lime- 

stone, and  dolomite;  pyrophyliite;  talc 
and  soapstone;  quartzite  and  quartz. 

Filters 

(Sewage  trickling) 

Granitic  types  (unspecified) 

Form  porous  bed  to  carry  aerobic  bacteria. 

See  section  on  specialty  sands. 

Glass,  mineral  wool,  soluble  sili- 

Quartzite. 
Limestone. 

Ingredient  to  provide  silica  (Si02). 
Ingredient  to  provide  lime  (CaO). 

See  sections  on  specialty  sands;  iron  indus- 
tries—^slag;    lime,    limestone,    and    dolo- 

mite. 

Metallurgical  industries ._ 

Limestone. 

Quartz,  quartzite,  quartzite  "ganister." 

Fluxstone. 

Placing  or  potter's  sand. 

Cupola  and  ladle  linings. 

See  sections  on  iron  industries;  lime,  hme- 
stone, and  dolomite;  specialty  sands. 

Rock  dusting 

Limestone. 

White-colored  inert  dust  to   prevent  coal 
mine  dust  explosions. 

See  section  on  lime,  limestone,  and  dolo- 
mite. 

Whiting 

Limestone. 

Inert,  white  colored  (like  filler). 

See  section  on  lime,  limestone,  and  dolomite. 

alone  or  in  combination.  Mo-sai  stone  is  surfaced  by 
removal  of  part  of  the  cement  by  etching  and  abrasion, 
exposing  portions  of  the  granules  in  bas-relief.  Recon- 
structed granite  is  surfaced  by  grinding  and  polishing 
methods,  which  result  in  a  finish  similar  to  polished 
granite. 

Granules  for  these  materials  must  be  hard,  sound, 
durable,  non-absorptive,  and  otherwise  meet  the  speci- 
fications for  high  quality  portland  cement  concrete  ag- 
gregate. Furthermore,  they  must  have  suitable  color  and 
texture  for  the  desired  appearance.  They  are  crushed, 
graded  in  nominal  sizes  ranging  from  1|  inches  to  about 
i  inch,  and  delivered  to  prepared  stone  manufacturers  in 
100-pound  sacks,  for  prices  ranging  from  $30  to  $60 
per  ton. 

Approximately  1,000  tons  of  these  granules  are  con- 
sumed a  year  in  California,  all  supplied  by  established 
stone  producers  from  local  quarries  operated  principally 
for  other  purposes. 

Another  terrazzo-like  specialized  use  of  crushed  stone 
is  in  the  manufacture  of  streetlamp  poles.  The  poles  are 
made  in  molds  in  which  wires  have  been  pre-stressed 
longitudinally  to  120,000  psi.  The  mold  is  partly  filled 
with  specially  prepared  concrete  and  spun  on  its  long 
axis  so  that  centrifugal  force  presses  the  concrete  against 


the  mold  and  leaves  a  hollow  conduit  for  electric  con- 
nections down  the  center. 

Different  colors  and  types  of  aggregate  and  cement 
have  been  used  to  achieve  various  appearances  in  con- 
crete light  poles  in  the  past.  In  recent  years  a  combina- 
tion of  white  marble  and  dark  granitic  rock  granules, 
with  gray  cement,  have  been  most  popular.  When  almost 
dry  the  pole  surface  is  abraded  and  etched  to  remove 
almost  all  the  exposed  cement  and  leave  an  exposed  ag- 
gregate texture  in  a  pepper-and-salt  color. 

Granitic  rock  granules  have  been  obtained  in  River- 
side County,  and  marble  granules  from  Tuolumne 
County  for  this  use;  specifications  are  essentially  as 
listed  above  for  other  types  of  prepared  stone  surfacing. 
Because  only  one  firm,  located  in  the  Los  Angeles  area, 
manufactures  concrete  lamp  poles  in  the  western  states 
area,  details  as  to  price  and  tonnages  of  aggregate  con- 
sumed in  this  industry  are  not  available  for  publication. 

Other  Uses.  Relatively  small  tonnages  of  crushed  and 
broken  stone  of  many  types  are  used  by  a  wide  variety 
of  industries  for  a  broad  range  of  purposes.  Many  of 
these  require  rock  of  a  particular  type,  such  as  limestone 
or  quartz,  and  are  further  described  in  sections  on  these 
commodities.  Some  of  the  minor  fields  of  use  of  crushed 
and  broken  stone  are  summarized  in  Table  E. 
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TahJe  F.     Principal  sources  of  crushed  and  broken  stone  in  California,  hy  si  one-producing  districts. 

NORTH  COAST  AREA 

Del  Norte  County (O'Brien  1952.  pp.  279-280,  308). 

basalt Dark  volcanic  rock,  of  undetermined  age,  quarried  at  Pt.  St.  George  in  1949  for  riprap  for  Crescent  City  breakwater. 

sandstone Franciscan  (?)  sandstone  quarried  at  Pt.  St.  George  in  1949  for  Crescent  City  breakwater  riprap. 

greenstone '__ Dense  greenstone  of  undetermined  age,  quarried  at  Preston  Island  in  1947  for  Crescent  City  breakwater  riprap. 

undetermined Undetermined  stone  quarried  at  Rowdy  Creek  since  1953  for  unspecified  crushed  stone  usage. 

Humboldt  County. (Averill  1941,  pp.  527-528). 

basalt Tertiary  (?)  anorthoclsise  trachyte  quarried  near  Areata;  "and  massive  meta-andesite,  age  undetermined,  quarried  near 

Trinidad  in  1940's  for  riprap  in  Humboldt  Bay  jetty;  prior  1941  at  Trinidad  for  aggregate, 
sandstone Franciscan  (?)  sandstone  quarried  in  late  1940'8  near  Humboldt  Bay  for  riprap  use  there. 

Mendociao  County (O'Brien  1953,  pp.  367-370). 

sandstone Franciscan  (?)  sandstone  quarried  in  late  1940's  near  Noyo  for  riprap  in  Noyo  harbor. 

Siskiyou  County (O'Brien  1947,  pp.  454-455.  460). 

cirbonate  rock Paleozoic  limestone  quarried  in  minor  tonnages  near  Gazelle;  prior  to  1930  for  lime  manufacture,  in  1945  for  sugar  rock,  and 

in  1947  for  "carbide  rock".  Minor  amounts  of  quarry  waste  used  locally  for  crushed  stone. 

sandstone Lower  Cretaceous  Chico  sandstone  quarried  in  at  least  three  localities  near  Yreka  and  Hornbrook  in  the  early  1900's  for 

railroad  culverts  and  building  stone. 

Trinity  County 

undetermined Undetermined  type  of  rock  quarried  in  1952-1953  near  Island  Mountain  for  railroad  ballast  and  riprap. 

SAN  FRANCISCO  BAY  AREA 

Alameda  County (Davis  1950,  pp.  318-337;  340-341). 

sandstone Franciscan  sandstone,  partly  metamorphosed,  quarried  at  several  large  pits  along  the  west  side  of  the  Berkeley  Hills,  from 

Berkeley  to  Niles;  used  for  aggregate,  railroad  ballast,  fill,  macadam,  road  rock,  roofing  granules,  riprap;  all  pits  inactive 

since  prior  to  1950,  mainly  because  of  encroaching  housing  developments. 

serpentine Franciscan  (?)  serpentine  quarried  near  San  Leandro  for  aggregate,  etc. 

chert Franciscan  (?)  chert  ("red  rock")  quarried  from  large  pit  in  western  San  Leandro  Hills;  used  for  aggregate,  fill,  etc.,  since  1931. 

chert-conglomerate Franciscan  (?)  metamorphosed  chert  and  conglomerate  ("red  rock")  quarried  since  1946  near  Niles  for  aggregate,  etc. 

undetermined Undetermined  types  of  rock  quarried  in  1952-1953  at  Newark  and  Oakland;  and  prior  to  1950  near  Hay  ward  and  San  Leandro 

for  macadam,  aggregate,  fill,  ballast  and  riprap. 

Contra  Costa  County. (Laizure  1927,  pp.  21-29;  Davis  and  Vernon  1951,  pp.  584-588). 

basalt Pliocene  Moraga  andesite  and  basalt  quarried  since  mid-1940's  near  Orindain  1200  t. p. d.  plant,  for  aggregate  and  road  rock. 

sandstone Miocene  sandstone  with  conglomerate  and  sea  shells,  (San  Pablo  group)  quarried  from  at  least  three  localities  near  Pacheco 

and  Walnut  Creek  for  local  use  as  fill  and  road  rock  in  1940'8;  one  operation  active  1951. 
Franciscan  sandstone  quarried  in  at  least  six  large  pits  along  west  flank  of  Berkeley  Hills  at  Stege,  El  Cerrito,  Berkeley  Park, 

for  aggregate,  fill,  roadrock,  riprap.  Inactive  largely  because  of  housing  developments  since  about  1930.  1500  t.p.d.  quarry 

at  Pt.  Richmond  continuously  active  since  1907,  and  1000  t.p.d.  operation  south  of  Clayton  active  continuously  since 

1947,  both  mainly  for  aggregate. 

serpentine Franciscan  serpentine  quarried  briefly  in  1947  south  of  Clayton,  for  aggregate. 

undetermined.. Undetermined  type  of  rock  quarried  since  1953  at  Orinda  for  crushed  stone. 

Marin  County (Ver  Planck  1955.  pp.  237-251). 

basalt Pliccene  Sonoma  volcanics  andesite  crushed  for  aggregate  near  Novate,  starting  1954,  at  former  paving  block  quarry. 

sandstone Francican  sandstone  quarried  prior  1920  from  at  least  6  localities  near  Larkspur,  Kentfield,  San  Rafael,  San  Anselmo,  and 

Fort  Barry,  for  dimension  stone  and  crushed  stone.  Riprap  quarried  at  Bodega  Bay  about  1950.  Two  large  operations 

active  in  1955,  at  Greenbrae  (since  1925)  and  San  Pedro  Pt.  (since  1945),  have  total  capacity  of  about  10,000  t.p.d.  of 

aggregate,  riprap  (jetty  stone),  ballast, 
conglomerate Cretaceous  (7)  Novato  conglomerate  quarried  near  Black  Pt.  since  1954;  crushed  and  washed  into  component  sand  and 

gravel  for  aggregate,  fill, 
chert Franciscan  chert  quarried  at  Black  Mtn.  prior  to  1953,  near  San  Rafael  since  1893,  and  near  Las  Gallinas  prior  to  1915;  for 

aggregate,  paving  blocks,  fill. 

Napa  County (Davis  1948,  pp.  184-188:  Averill  1929,  pp.  238-242). 

basalt Pliocene  Sonoma  volcanics  quarried  continuously  since  1921,  in  one  of  the  State's  most  productive  pits  south  of  Napa  for 

aggregate,  riprap,  ballast,  road  base,  and  fill.  Also  quarried  east  of  Napa  for  aggregate,  road  rock  since  prior  to  1929. 
Several  basalt  and  trachyte  tuff  quarries  near  St.  Helena  formerly  yielded  dimension  stone  and  byproduct  crushed  stone. 

sandstone Unidentified  (Franciscan  ?)  sandstone  obtained  in  early  1900*8  near  Napa,  Monticello,  Rutherford,  Pope  Valley  for  local 

uses  as  dimension  stone  and  crushed  stone. 

San  Francisco  County .__ (Laizure  1929,  pp.  244-245). 

sandstone  and  chert Franciscan  sandstone,  chert,  and  jasper  quarried  from  dozens  of  localities  in  late  1800's,  and  early  1900's  for  ballast,  macadam 

and  aggregate,  and  rubble  (fill).  All  worked  out  or  forced  to  close  by  expanded  housing  developments  long  before  World 
War  a. 

San  Mateo  County.. _  (Davis  1955.  pp.  430-439;  448-455). 

granite Jurassic  (?)  Montara  quartz  diorite  quarried  from  several  medium-sized  pits  near  Montara  and  Half  Moon  Bay  intermittently 

for  many  years  prior  to  1951  for  undetermined  crushed  stone  products.  Decomposed  granite  (deeply  weathered  Montara 
quartz  diorite)  quarried  intermittently  from  at  least  three  localities  near  Montara  and  Half  Moon  Bay  for  fill  and  road 
construction. 

sandstone  (basalt) Franciscan  sandstone  quarried  from  at  least  10  pita  near  Daly  City,  Brisbane,  Millbrae,  Buriingame,  San  Mateo,  and  Red- 
wood City,  for  aggregate,  ballast,  and  fill  prior  to  World  War  II;  four  quarries  near  Brisbane,  Millbrae  and  west  of  Red- 
wood City  active  in  1955. 
Lower  Miocene  Vaqueros  limey  sandstone  quarried  in  one  locality  north  of  Half  Moon  Bay  about  1910-1920  for  road  rock. 
Pliocene  Merced  sandstone,  shale  and  conglomerate  quarried  near  Millbrae  for  S.F.  Airport  fill.  1946-1947. 

carbonate  rock Franciscan  (Calera)  limestone  obtained  from  two  operations  at  Rockaway  Beach  (one  active  1910-1919,  1942-present  (1955); 

the  other  active  (1944-52)  for  riprap,  aggregate,  railroad  ballast,  road  base.  Also  quarried  at  two  localities  near  Crystal 
Springs  Lake  (one  active  prior  1951 ;  the  other  still  active  in  1955)  for  aggregate,  road  rock.  Associated  chert  makes  portions 
of  the  Calera  limestone  potentially  reactive  with  Portland  cement,  hence  most  is  used  with  bituminous  binder. 

conglomerate Upper  Cretaceous  conglomerate  with  some  sand  and  shale,  quarried  intermittently  for  many  years  near  Pescadero  for  road 

rock. 
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Table  F,     Principal  sources  of  crushed  and  broken  stone  in  California^  by  stone-producing  districts. — Continued, 

SAN  FRANCISCO  BAY  AREA— Continued 
San  Mateo  County — Continued 

greenstone  basalt Franciscan  basalt  and  diabase,  largely  altered  to  greenstone,  quarried  in  at  least  5  intermittently  active  pits  near  Woodside, 

Sharp  Park  and  Belmont  for  many  years,  mainly  for  fill.  Sandstone,  chert  and  shale  are  commonly  associated. 
Miocene  basalt,  somewhat  altered,  quarried  near  San  Carlos  in  1947  for  housing  tract  fill. 

chert Franciscan  chert,  intimately  fractured,  quarried  intermittently  from  at  least  4  localities  near  San  Mateo  Pt.  and  Belmont 

for  many  years  mainly  for  fill. 

Santa  Clara  County.. (Davis  and  Jennings  1954,  pp.  371-376;  Crittenden  1931,  pp.  64-65.  plate  2). 

granite Jurassic  gabbro  and  diorite,  mixed  with  serpentine,  quarried  intermittently  since  prior  to  1895  at  Oak  Hill  for  riprap  and 

coarse  aggregate, 
basalt Miocene  basalt  quarried  at  several  locations  west  of  Stanford  campus  for  many  years,  used  for  road  construction.  Residential 

development  has  led  to  virtual  cessation  of  quarrying  since  1950. 
carbonate  rock Franciscan  (Calera)  limestone  produced  at  Permanente  since  1939,  mainly  for  cement,  sugar  rock;  ofT-spacification  material 

crushed  for  use  as  fill,  railroad  ballast,  road  material, 
sandstone Franciscan  sandstone  ("quartzite")  quarried  near  Saratoga  since  1908  at  county's  oldest  quarry  (1200-2000  t.p.d.)  for 

road  materials.  Small  quarry  in  Halls  Valley  intermittently  active  for  road  material. 
Miocene  Temblor  sandstone  obtained  from  small  quarry  near  Calaveras  Reservoir  for  riprap. 
Mio-Piiocene  Purisima  sandstone,  rather  soft,  obtained  in  minor  tonnage  at  basalt  quarries  west  of  Stanford  campus,  mainly 

for  fill, 
shale,  chert Miocene  Monterey  banded  chert-and-shale  quarried  from  at  least  13  localities  along  the  west  flank  of  the  Diablo  Range  for 

many  years  for  fill  and  road  materials. 
conglomerate Lower  (?)  Cretaceous  Oakland  conglomerate  quarried  intermittently  for  many  years  from  at  least  6  localities  along  the 

west  base  of  the  Diablo  Range  for  use  as  road  base  and  fill. 
Pleistocene  Santa  Clara  conglomerate  quarried  near  Stevens  Creek  dam  for  use  as  fill;  300-400  t.p.d.  operation  in  1952. 
serpentine Franciscan  serpentine,  in  part  silicified,  and  commonly  occurring  with  shale,  quarried  in  at  least  4  localities  near  Morgan 

Hill  and  Los  Altos  for  use  as  dam  riprap,  fill,  drain  rock  and  road  base;  2  quarries  active  in  1954. 
undetermined Undetermined  type  of  stone  quarried  for  unspecified  crushed  stone  usage  at  two  localities  near  San  Jose  and  Los  Gatos. 

Sonoma  County (Honke  and  Ver  Planck  1950.  pp.  110-113). 

basalt Pliocene  Sonoma  volcanics  (basalt,  andesite,  and  tuff)  quarried  in  several  dozen  localities  near  Cloverdale,  Healdsburg, 

Guerneville,  Occidental,  Santa  Rosa,  Bloomfield,  Cotati,  Sonoma,  and  Petaluma,  for  use  as  aggregate,  road  metal,  sub- 
grade,  fill.  Many  of  these  quarries  intermittently  active,  some  since  early  1900's;  five  operators  active  in  1953. 

CENTRAL-SOUTHERN  COAST  RANGES 

Monterey  County (Laizure  1925,  p.  53). 

granite Pre-Franciscan  Santa  Lucia  granite  obtained  from  several  small  quarries  near  Monterey  Bay  for  harbor  projects,  riprap, 

since  World  War  IL  Minor  tonnage  of  decomposed  granite  also  produced  for  road  construction,  fill, 
carbonate  rock Gabilan  limestone  (dolomite),  pre-Santa  Lucia  granite,  (luarried  at  Natividad  since  1942,  mainly  for  making  magnesium; 

large  tonnage  of  crushed  dolomite  also  sold  for  roofing  granules,  poultry  feed  supplement,  and  white  aggregate. 

San  Benito  County__ (Averill  1947,  pp.  49-50,  60;  Allen  and  Fowle  1946,  pp.  77-81). 

granite Pre-Franciscan  Santa  Lucia  granite,  fractured  by  San  Andreas  fault  movements,  obtained  from  one  of  the  State's  largest 

quarries  at  Logan,  active  continuously  since  1900  for  use  as  aggregate,  railroad  ballast,  filter  medium,  poultry  grit,  drain 
rock  and  road  material.  Small  quantities  of  decomposed  Santa  Lucia  granite  quarried  intermittently  from  at  least  two 
quarries  near  Highway  101  for  local  use  as  road  material  and  fill. 

carbonate  rock Gabilan  limestone  (and  dolomite),  pre-Santa  Lucia  granite,  quarried  intermittently  since  1915  at  several  localities  near 

Vineyard,  about  8-10  miles  south  of  Hollister,  for  unspecified  purposes.  Relatively  minor  tonnages  of  crushed  carbonate 
stone  sold  as  by-product  for  roof  granules,  poultry  feed  supplement  and  other  uses. 

LOS  ANGELES  AREA 

Kern  County 

granite Jurassic  granitic  rocks  quarried  in  small  operations  near  Tehachapi  and  Jawbone  Canyon  for  roofing  granules  .since  1950. 

tuff .. Miocene  Kinnick  and  Bopesta  formations  near  Tehachapi  and  Jawbone  Canyon,  and  Rosamond  formation,  in  Rosamond 

Hills,  yield  related  minor  tonnages  of  highly  colored  tuflf  and  tuffaceous  sandstone  for  roofing  granules,  at  about  a  dozen 
localities,  mainly  since  1950. 
carbonate  rock Undetermined  carbonate  stone  quarried  in  small  quantities  near  Inyokern  for  roofing  granules  in  1954. 

Los  Angeles  County (Gay  and  Hoffman  1954,  pp.  526-553). 

granite Granitic  rock,  mostly  of  Mesozoic  age,  quarried  at  two  large  pits  in  San  Gabriel  Mountains  for  flood  control  dam  riprap, 

1936-1940;  quarried  prior  1940  near  Acton  and  Pasadena  for  railroad  ballast;  quarried  prior  1900  near  Hollywood  and  Sun- 
land  for  aggregate  and  fill.  Small  tonnage  quarried  near  The  Oaks  in  1955  for  roof  granules;  quarried  intermittently  at 
several  localities  for  road  material.  Decomposed  granite  quarried  near  Pacoima,  in  Santa  Monica  and  San  Gabriel  Moun- 
tains, in  Verdugo  Hills,  and  Sierra  Pelona  at  many  intermittent  operations  for  fill  and  road  base. 
Pleistocene  La  Habra  conglomerate,  mainly  decomposed  granitic  debris,  quarried  at  4  large  operations  near  Montebello 
for  decomposed  granite  in  1950's. 

basalt Miocene  basalt,  somewhat  altered,  quarried  at  large  pit  in  Palos  Verdes  Hills  for  many  years  for  dike  rock,  fill  in  harbor 

installations,  and  road  base. 
Miocene  andesite  quarried  from  at  least  4  large  pits  on  Santa  Catalina  Lsland  at  various  times  since  1900,  barged  to  main- 
land for  riprap,  fill  and  various  harbor  construction  purix)ses. 
Oligocene  (?)  Vasquez  basalt,  somewhat  altered,  quarried  in  two  localities  near  Little  Rock  prior  to  1935  for  minor  tonnage 
of  roofing  granules;  in  one  small  pit  near  Vincent,  prior  World  War  II  for  soil  additive;  and  in  several  small  pits  north  of 
Vincent  since  1955  for  roofing  granules. 

carbonate  rock Paleozoic  (?)  limestone  quarried  in  several  small  pits  near  Largo  Vista,  Pearblossom  for  roofing  granules  about  1949-1952, 

several  small  operations  near  Pacoima  Dam  in  1940's  for  poultry  feed  supplement  and  roofing  granules. 
Paleocene  Martinez  limestone  quarried  in  Santa  Ynez  Canyon  intermittently  since  1928  for  minor  tonnage  of  riprap,  road 

base,  and  stone  for  construction  projects. 
Pleistocene  Lomita  marl  quarried  in  at  least  2  localities  in  Palos  Verdes  Hills  for  soil  additive  mainly  prior  to  World  War  II. 

sandstone Upper  Cretaceous  Chico  sandstone  quarried  from  several  pits  near  Chats  worth  in  early  1900's,  mainly  for  building  stone,  but 

large  tonnage  used  for  riprap,  San  Pedro  harbor  breakwater  stone,  railroad  ballast. 
Miocene  Topanga  (?)  sandstone-conglomerate  quarried  intermittently  for  many  years  in  Santa  Ynez  Canyon  for  riprap  and 
building  stone. 

serpentine Mesozoic  (?)  serpentine  quarried  in  large  pit  on  Santa  Catalina  Island  in  1954-1955  for  barge  haul  to  mainland  for  harbor 

projects. 

conglomerate Mesozoic  (?)  Catalina  schist  (metaconglomerate)  quarried  in  one  of  the  State's  largest  quarries,  at  Pebbly  Beach,  Santa 

Catalina  Island,  for  many  years;  barged  to  mainland  for  riprap  and  harbor  uses. 
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shale Miocene  Modelo  shale,  very  diatomaceous,  quarried  near  Sunland  since  1950,  and  pulverized  for  insecticide  carrier. 

Oligocene  (?)  Vasquez  silicified  siltstone  quarried  in  upper  Agua  Dulce  Canyon  since  1954  for  roofing  granules. 

soapstone i Pre-Cambrian  (?)  Pelona  schist  (soapstone)  quarried  near  Acton  since  1935  and  pulverized  for  various  uses  as  filler. 

tuff Miocene  Mint  Canyon  tuffaceous  sediment  quarried  near  Newhall  since  1950  and  pulverized  for  chinchilla  dust;  also  altered 

volcanic  ash  quarried  in  Sand  Canyon  and  processed  for  use  as  roofing  granules. 

Orange  County __ -..   (Tucker  1925,  pp.  69-71). 

"granite" ^ Pliocene  or  Pleistocene  terrace  deposits,  consisting  largely  of  weathered  granitic  rock,  quarried  east  of  Olive  to  obtain  de- 
composed granite  for  fill,  road  base. 

Riverside  County (Tucker  and  Sampson  1945,  pp.  166-167). 

granite Cretaceous  Woodson  Mountain  granodiorite  obtained  from  large  quarry  in  the  south-central  Jurupa  Mountains,  inter- 
mittently active  since  the  early  1900'8,  mainly  for  harbor  riprap  (Long  Beach  breakwater  1925-29;  Seal  Beach  1944-49; 
Redondo  Beach  1953,  1954).  Similar  granite  quarried  in  one  of  the  State's  largest  quarries,  near  Ormand  siding  west  of 
Riverside,  1925-29  (2  milHon  tons  of  riprap  for  Long  Beach  breakwater)  and  1944-45  (700,000  tons  for  Seal  Beach  break- 
water). Similar  granite  obtained  at  various  times  since  1900  near  Box  Springs  Station;  Quarry  Hill  near  Arlington;  Porphyry 
Siding  near  Corona;  and  LaSierra  Hills  near  Norco  for  railroad  ballast  and  riprap,  and  harbor  riprap.  Encroaching  housing 
developments  have  restricted  operations  in  several  of  these  quarries  since  1945.  Poultry  grit  produced  in  small  operation 
near  Riverside  since  1950.  Decomposed  granite  obtained  near  Sunnymead  for  airfield  construction  during  and  since 
World  War  II. 

carbonate  rock Paleozoic  (?)  or  Triassic  (?)  limestone  has  been  quarried  at  large  quarries  at  Crestmore  and  the  southern  Jurupa  Mountains 

since  about  1900,  mainly  for  cement,  although  lime  and  dimension  stone  have  been  produced  at  intervals.  Since  World 
War  II,  minor  tonnages  of  roofing  granules,  poultry  grit,  agricultural  stone,  filler,  and  white  aggregate  have  also  been 
produced  from  these  deposits  and  from  several  smaller  deposits  near  Blythe,  Palm  Springs,  Hemet,  and  San  Jacinto. 

basalt Jurassic  (?)  Temescal  Wash  quartz  latite  porphyry  obtained  from  one  of  the  State's  largest  quarries,  southeast  of  Corona, 

for  manufacture  of  artificial  colored  roofing  granules  since  1948.  Smaller  quarry  opened  nearby  in  1955  for  drainage  ditch 
riprap. 

San  Bernardino  County (Wright,  et  aK,  1953,  pp.  166-181,  190-197). 

granite Cretaceous  Bonsall  tonalite  obtained  from  one  of  the  State's  largest  quarries  at  Declezville,  northwestern  Jurupa  Moun- 
tains, since  prior  to  1900  mainly  for  railroad  ballast  and  riprap;  yielded  shoreline  riprap  for  highway  south  of  Ventura 
in  1955. 

basalt Pliocene  (?)  Red  Mountain  andesite  quarried  near  Newberry  and  Baxter  in  1955  for  railroad  ballast.  Various  highly  colored 

volcanic  rocks  quarried  in  minor  tonnages  near  Newberry,  Midway,  north  of  Barstow,  and  east  of  Lenwood  for  roofing 
granules  since  1950. 

carbonate  rock Paleozoic  (?)  or  Triassic  (?)  limestone  and  dolomite  obtained  from  large  quarries  near  Colton,  Oro  Grande,  and  Victorville, 

almost  continuously  since  the  early  1900's,  mainly  for  cement,  but  lesser  tonnages  crushed  for  fluxstone,  glass  manufacture, 
poultry  grit,  and  cattle  feed.  Smaller  operations  have  been  active  near  Adelanto,  Baldwin  Lake,  Sheep  Creek,  Van  Dusen 
Canyon  and  Big  Bear  since  1950  for  roofing  granules;  in  Cave  Canyon  from  1906  to  1930  for  sugar  rock;  near  Chubbuck 
from  1925  to  1951  and  near  Victorville  since  1924  for  lime  and  various  crushed  limestone  products;  in  Cushenbury  Canyon 
since  1947,  and  near  Hinkley  in  the  mid-1940's  for  fluxstone.  Minor  tonnages  of  roof  granules,  poultry  and  stock  feed, 
agricultural  stone,  filler  and  whiting  produced  at  most  of  these  operations. 

volcanic  cinders Quaternary  basaltic  volcanic  cinders  quarried  from  Pisgah  Crater  and  Dish  Hill  to  provide  a  small  tonnage  of  lightweight 

aggregate  since  the  late  1940's;  Mt.  Pisgah  cinders  used  for  railroad  ballast  since  1955. 

quartzite Late  Paleozoic  Oro  Grande  quartzite  quarried  since  1939  near  Oro  Grande,  mainly  for  special  cement  manufacture;  large 

tonnage  also  crushed  for  use  in  refractories, 

WESTERN  SIERRA  NEVADA  AREA 

Amador  County (Carlson  1954,  pp.  209-210). 

granite Upper  Jurassic  granodiorite  and  granite  quarried  intermittently  as  needed  for  road  material  at  several  localities  near  West 

Point  Power  House,  near  Pine  Grove,  and  elsewhere  in  the  central  and  eastern  sections  of  the  County, 
carbonate  rock Paleozoic  limestone  quarried  near  Sutter  Creek  in  1945,  mainly  for  sugar  rock  but  fines  were  used  for  road  material;  small 

amount  of  by-product  crushed  stone  from  marble  dimension  stone  quarries  near  Volcano,  active  1910-1933,  and  near 

Plymouth,  active  prior  to  1900. 
slate Upper  Jurassic  Mariposa  slate  quarried  near  Martell  in  1941  in  small  operation  for  roof  granules  (?). 

Calaveras  County (Logan  and  Franke,  1936,  p.  235) . 

carbonate  rock Mississippian  limestone  quarried  since  1926  near  Kentucky  House  and  Mokelumne  Hill  for  cement,  and  undetermined  by- 
product crushed  stone;  near  Valley  Spring  for  fluxstone  prior  to  1927.  Small  tonnage  of  yellow  marble  from  near  Vallecito 
crushed  for  terrazzo  granules  in  mid-1940's. 
greenstone Amphibolite  schist  "greenstone"  quarried  near  Angels  Camp  in  mid  1930's  for  roofing  granules  and  filler. 

El  Dorado  County. _. (Logan  1938,  p.  365) . 

carbonate  rock Carboniferous  Calaveras  limestone  quarried  in  substantial  tonnages  since  1930  near  Newcastle  for  glass  manufacture  and 

lime;  at  Diamond  Springs  since  1927  for  lime,  and  filler;  near  Shingle  Springs  since  the  early  1920's  for  fluxstone,  glass 
making,  sugar  rock  and  filler;  at  Cool-Cave  Valley  intermittently  since  the  early  1900's  for  cement  and  lime  manufacture, 
fluxstone  and  sugar  rock,  and  continuously  since  1947  for  sugar  rock,  lime  manufacture,  fluxstone,  and  road  material; 
near  Auburn  since  1910  mainly  for  cement  manufacture  but  with  increasing  tonnage  for  sugar  rock  in  recent  years.  Sub- 
stantial tonnages  of  byproduct  crushed  limestone  from  nearly  all  of  these  localities  used  variously  as  crushed  stone,  es- 
pecially since  World  War  II. 

slate Jurassic  Mariposa  slate  obtained  from  large  underground  quarry  at  Chili  Bar  since  1928,  crushed  for  roofing  granules  and 

filler  dust. 

Fresno  County (Logan,  Braun,  and  Vernon  1951,  pp.  604,  528-531). 

granite.- Jurassic  diorite  quarried  in  at  least  9  pits  near  Academy,  mostly  in  early  1900's,  for  dimension  stone;  undetermined  but 

minor  tonnage  of  waste  used  as  crushed  stone  for  various  purposes.  Decomposed  granite  quarried  near  Friant,  since  1940, 
and  in  Tivy  Valley  since  1920,  intermittently  as  needed  for  roadbase,  fill,  and  waterbound  macadam  surface. 

carbonate  stone Paleozoic  limestone  quarried  for  lime  manufacture  at  several  localities  in  early  1900'8;  near  Tollhouse  in  1940's  for  poultry 

and  cattle  feed  supplement,  and  fluxstone. 

undetermined Undetermined  types  of  stone  quarried  near  Piedra  in  1953  crushed  for  macadam  and  railroad  ballast. 
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Lassen  County (Averill  and  Erwin  1936.  pp.  443-444). 

basalt Basalt  of  undetermined  age  quarried  west  of  Susanville  since  1930*3  for  road  material. 

Madera  County (Logan  1950,  pp.  465-466). 

granite Jurassic  granite  obtained  from  several  quarries  near  Raymond,  two  of  them  among  the  State's  largest,  for  dimension  stone, 

mainly  from  1893  to  1942;  waste  granite  from  these  quarries  for  many  years  crushed  for  road  material. 

Mariposa  County. (Laizure  1928,  pp.  146-152). 

granite Jurassic  granite  and  granodiorite  quarried  intermittently  in  Yosemite  Valley  area  as  needed  Vjy  Park  Service  for  road  material. 

basalt Jurassic  diabase  of  Mariposa  Mine  dump  in  Mariposa  crushed  for  road  material  in  1927. 

carbonate  rock Mississippian  limestone  quarried  at  Jenkins  Hill  from  1927  to  1944  for  cement  manufacture;  undetermined  tonnage  of 

byproduct  crushed  stone, 
jasper Jasper  rock  of  undetermined  age  quarried  at  Jasper  prior  to  1927  for  railroad  ballast;  discontinuously  since  then  for  roofing 

granules  and  unspecified  special  uses, 
slate Jurassic  Mariposa  slate  quarried  on  small  scale  between  Mariposa  and  LeGrand  in  the  early  1900's;  dump  material  later 

crushed  for  roofing  granules. 

Placer  County (Logan  1927.  pp.  280-281.  285). 

granite Jurassic  granite  quarried  at  more  than  a  score  of  quarries,  several  of  them  among  the  state's  largest,  at  the  Penryn  and 

Rocklin  districts,  from  about  1860  to  1920,  mainly  for  dimension  stone  but  large  tonnages  of  railroad  ballast,  riprap  and 

fill  were  also  produced,  in  part  as  a  byproduct.  In  1950's  one  quarry  yielded  byproduct  aggregate,  ballast,  and  riprap  at 

Rocklin. 
carbonate  rock Mississippian  limestone  quarried  in  a  dozen  or  more  localities  near  Auburn,  Clipper  Gap,  Applegate,  Colfax,  from  about 

1860  to  1916,  mainly  for  lime  and  carbon  dioxide  manufacture,  with  minor  tonnages  for  fluxstone  and  sugar  rock,  and 

undisclosed  tonnages  for  various  crushed  stone  uses. 

Plumas  County 

granite Jurassic  granite  quarried  in  1952-1953  near  Tobin  for  railroad  ballast. 

Tulare  County   (Franke  1930,  pp.  442,  444,  445,  447,  463). 

granite JurEissic  granite  quarried  near  Porterville  and  Rocky  Point  from  1890's  to  1930'3,  mainly  for  dimension  stone;  quarry  waste 

employed  in  undetermined  but  minor  tonnages  for  crushed  stone.  Decomposed  granite  quarried  intermittently  14  miles 
northeast  of  Porterville  for  road  material. 

carbonate  rock Trisissic  and  Paleozoic  limestone  quarried  at  several  scattered  localities  in  the  Sierra  Nevada  and  foothills,  mainly  for  lime 

manufacture;  minor  production  near  Lemon  Cove  prior  to  1933  for  agricultural  stone,  paving  material;  sugar  rock,  flux- 
stone  and  oil  well  mud  additive  produced  east  of  Lindsay  prior  to  1933. 

Tuolumne  County (Logan  1949,  pp.  76-80,  81,  82). 

granite. Jurassic  granite  quarried  near  Soulsby ville  for  many  years  for  unspecified  uses  as  crushed  rock ;  small  dimension  stone  quarries 

near  Sonora  and  Standard  yielded  undetermined  tonnage  of  byproduct  crushed  stone  prior  to  1925. 
carbonate  rock Mississippian  Calaveras  li  mestone  and  marble  quarried  at  various  times  since  about  1860  near  Sonora  and  Columbia  mainly 

for  dimension  stone  and  lime  manufacture,  but  minor  tonnages  used  for  terrazzo  granules,  roof  granviles,  filler  dust,  and 

poultry  grit.  The  state's  principal  marble  quarry  at  Columbia  continuously  active  since  1942  for  lime-burning  material; 

smaller  quarries  nearby  are  the  state's  only  current  source  of  terrazzo  granules, 
slate Jurassic  Mariposa  slate  quarried  near  Hetch  Hetchy  Junction  from  1931  to  1940  for  roofing  granules  and  filler  dust. 

GREAT  VALLEY  AREA 

Butte  County (O'Brien  1949.  pp.  435-439). 

carbonate  rock Carboniferous  (?)  Umestone  quarried  on  a  minor  scale  in  at  least  four  localities  near  Big  Bar,  Forest  River,  Pentz,  and  Poe 

prior  to  1930  for  lime  manufacture  and  undetermined  crushed  stone  uses. 

serpentine Jurassic  (?)  serpentine  quarried  on  small  scale  near  Magalia  in  late  1940's  for  road  and  driveway  material. 

undetermined Undetermined  type  of  stone  obtained  In  minor  tonnages  from  mine  dump  near  Magalia  in  late  1940's  for  aggregate  and  road 

material. 

Colusa  County (Logan  1929,  pp.  299-300). 

sandstone Upper  Cretaceous  Chico  sandstone  obtained  from  several  large  quarries  just  east  of  Sites  prior  to  1915,  mainly  for  dimension 

stone,  but  undetermined  tonnage  of  quarry  waste  used  for  road  material. 

Kings  County (Jennings  1953,  p.  295). 

shale Miocene  McClure  shale,  hard,  dense,  and  siliceous,  quarried  in  Big  Tar  Canyon  and  in  Pyramid  Hills  prior  to  1953  for  un- 
specified crushed  stone  uses. 

Shasta  County (Averill  1939,  pp.  170-171). 

carbonate  rock Triassic  Hosselkus,  Devonian  Kennett,  and  Permian  McCloud  limestones  quarried  from  at  least  5  localities  in  the  Shasta 

Dam  area,  principally  prior  to  1927  for  lime  manufacture  and  fluxstone;  undetermined,  but  minor  tonnage  for  crushed 
stone  purposes.  Large  tonnage  used  in  Shasta  Dam  in  early  1940"s. 

Solano  County (Laizure  1927,  pp.  212-213). 

basalt Lower  Pliocene  Sonoma  (?)  volcanics  basalt  quarried  near  Cordelia  1875-1895  for  paving  blocks,  since  then  for  aggregate, 

fill  and  riprap, 
carbonate  rock Travertine  of  undetermined  age  quarried  near  Fairfield  prior  to  1950  for  fluxstone,  road  material,  and  aggregate;  from 

1902  to  about  1910  for  cement  manufacture, 
undetermined Undetermined  types  of  stone  quarried  at  several  locahties,  including  Benicia.  for  macadam,  riprap,  and  fill  for  many  years; 

two  operations  in  1953. 

Sutter  County 

basalt Pliocene  and  Pleistocene  andesite  quarried  intermittently  at  Sutter  Buttes  for  many  years  for  road  material. 

Yolo  County (O'Brien  1950,  p.  423). 

sandstone Cretaceous  sandstone  quarried  mainly  for  dimension  stone,  at  Devils  Gate  1894-1908,  undetermined  but  minor  tonnages  of 

waste  used  locally  as  crushed  stone. 
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Inyo  County ..-   (Norman  and  Stewart  1951,  pp.  100-102,  112). 

carbonate  rock Tertiary  travertine  quarried  in  Furnace  Creek  Canyon  for  small  tonnage  of  terrazzo  granules  in  late  1940's.  Silurian  and 

Devonian  dolomite  quarried  intermittently  near  Keeler  from  1888  to  about  1930;  from  about  1915  to  1951  for  fiuxstone, 
stucco  aggregate,  mineral  wool  manufacture,  poultry  grit,  terrazzo  granules,  and  roofing  granules. 

quartzite '- Ordovician  Eureka  quartzite  quarried  near  Keeler  in  1954  for  use  in  superduty  refractory  bricks. 

slate Slate  of  undetermined  age.  quarried  intermittently  prior  to  1948  near  Keeler  for  flagstone,  roofing  granules,  and  filler  dust. 

volcanic  cinders Quaternary  cinder  cone  volcanic  fragmenta  quarried  in  at  least  3  pits  near  Little  Lake  since  tlie  late  1940's,  mainly  for  light- 
weight aggregate  blocks,  but  large  tonnages  also  used  for  railroad  ballast,  roofing  granules  and  soil  conditioner. 


SAN  DIEGO  AREA 

San  Diego  County (Tucker  and  Reid  1939,  pp.  42-45.  49-51 ;  Hoppin  and  Norman  1950). 

granite Jurassic  granitic  rocks  quarried  at  about  20  localities  near  Vista,  Escondido,  and  Lakeside,  at  various  periods  from  about 

1888  to  the  present  (5  operations  active  1952-1953).  Mostly  used  for  dimension  stone,  but  large  tonnages  used  about  1900 
for  rubble  and  riprap  for  breakwaters  and  dams,  and  about  1910-1920  for  paving  blocks.  One  riprap  producer  in  1952  in 
Escondido.  Minor  tonnages  of  quarry  waste  sold  for  crushed  stone.  Jurassic  felsitic  intrusive  rock  quarried  near  Lemon 
Grove  in  1920's  and  1930's  for  aggregate. 

basalt Jurassic  (?)  Black  Mountain  andesite  quarried  in  1953  in  Mission  Gorge  for  Mission  Bay  breakwater  riprap. 

carbonate  rock ---  Paleozoic  (?)  limestone  quarried  on  small  scale  in  early  1950's  near  Alpine  for  roofing  granules;  lime  and  cement  manufactured 

briefly  and  in  minor  tonnages  at  several  localities  in  1800's. 

greenstone -  Rhyolitic  and  other  greenstones  of  undetermined  age  quarried  in  at  least  3  localities  near  Rancho  Santa  Fe  since  1930's  for 

roofing  granules. 


Crushed  Limestone  and  Quartz.  The  main  uses  of  the 
monomineralic  rock  types  limestone,  dolomite,  vein 
quartz,  and  quartzite  are  discussed  in  sections  on  those 
commodities.  As  they  are  crushed  in  most  of  their  appli- 
cations, either  physical  or  chemical,  they  are  briefly 
tabulated  below  as  special  types  of  crushed  and  broken 
stone.  Other  types  of  rock  may  be  employed  in  many  of 
the  following  uses  either  in  place  of,  or  in  conjunction 
with  the  monomineralic  rocks. 

Uses  of  crushed  and  broken  limestone  and  dolomite  * 


Use 

Function 

Remarks  and  references 

Agriculture: 
soil  additive 

Physical  and  chemical,   as 
soil  conditioner. 

See  also  sections  on  phos- 
phates; gypsum  and  gyp- 
site;  also  Bo  wen  1951, 
pp.  123-127. 

Stock,  poultry  feed 

Chemical,  as  supplemental 
source  of  calcium  for  milk 
cows  and  poultry. 

Ceramics 

Chemical,  as  ingredient  in 
whitewares  and  frits. 

See  also  sections  on  clay; 
vein  quartz  and  quartz- 
ite; specialty  sands. 

Cheniical  processes 

Chemical,  as  acid  neutral- 

izer,  and  other  uses. 

Cigarette  urns 

Physical,   for   clean,   white 
color. 

See  also  section  on  specialty 
sands. 

Filler 

Physical,  clean,  white. 
Chemical,  inert. 

Fiuxstone 

Chemical,  as  blast  and  open- 
hearth  furnace  charge. 

See  also  sections  on  iron 
industries;  fluorspar. 

Glass 

Chemical,  as  ingredient. 

See  also  sections  on  spe- 
cialty sands. 

Refractories 

Chemical,  as  binder  for  re- 
fractory brick. 

See  also  sections  on  quartz- 
ite and  quartz;  specialty 
sands;  clay. 

Whiting 

Physical,    for   white   color. 

(Chemical,  for  inertness). 

•  See  sections  on  cement  and  lime,  limestone  and  dolomite  elsewhere  in  this  volume. 

The  large  tonnages  of  crushed  and  broken  limestone 
and  dolomite  used  for  roofing  granules  are  discussed 
above  in  this  section.  Relatively  little  crushed  or  broken 
limestone  or  dolomite  is  used  for  riprap,  concrete  aggre- 
gate, or  railroad  ballast  in  California,  although  such  use 
is  common  in  other  states. 


Uses  of  crushed  vein  quartz  and  quartzite.* 


Use 

Function 

Remarks  and  references 

Abrasives 

Physical,  as  in  sandpaper. 
Chemical,  as  ingredient  of 
artificial  abrasives. 

See  also  sections  on  abra- 
sives; specialty  sands. 

Ceramics 

Physical  and   chemical,  in 
whiteware     bodies     and 
frits,  and  as  placing  sand. 

See  also  sections  on  clay; 
lime,  limestone,  and  dolo- 
mite; specialty  sands. 

Chemical  industry 

Physical,  as  catalyst  carrier 
in  oil  refining. 

Ferroalloys 

Chemical,  as  ingredient. 

See  also  sections  on  iron  in- 
dustries; specialty  sands. 

Filler 

Physical,  clean,  white. 

Chemical,  inert. 

Foundries 

Physical,    as    ganister    for 
furnace,  ladle  linings. 

See  also  section  on  specialty 

sands. 

Glass 

Chemical,  as  ingredient. 

See  also  section  on  specialty 
sands. 

Refractories 

Physical,    as   ingredient  in 
refractory  brick. 

See  also  sections  on  clay; 
specialty  sands. 

Soluble  silicates 

Chemical,  as  ingredient. 

See  also  section  on  specialty 
sands. 

•  See  section  on  quartzite  and  quartz  elsewhere  In  this  volume. 
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STONE,  DIMENSION 

By  Harold  B.  Goldman 


Stone  production  is  among  the  oldest  and  largest  of 
the  mineral  industries  of  California.  Commercial  dimen- 
sion stone  quarries  were  operated  as  early  as  1854  at 
Monterey  and  Point  Reyes  (Blake,  1858,  p.  281).  Until 
the  early  1900 's  the  production  of  dimension  stone, 
mainly  for  use  in  buildings,  paving,  and  curbing,  greatly 
exceeded  that  of  crushed  stone  but  since  then  the  dimen- 
sion stone  output  has  dwindled  while  production  of 
crushed  stone  has  increased  many  fold.  The  development 
of  the  steel-frame  buildings,  which  required  compara- 
tively little  stone,  and  the  introduction  of  concrete, 
which  is  much  less  expensive  and  more  conveniently  used 
than  stone,  combined  to  cause  this  decline. 

In  the  rock  products  industry,  the  term  "stone"  is 
applied  to  blocks,  masses  or  fragments  of  rock  broken  or 
quarried  from  their  original  massive  ledges  for  commer- 
cial use  (Bowles,  1939,  p.  5).  The  term  "dimension 
stone"  is  applied  to  natural  stone  that  is  cut  to  definite 
size  and  shape  and  includes  cut,  carved  and  roughhewn 
blocks  of  building  stone,  paving  blocks,  curbing,  flagging, 
and  cut  and  polished  monumental  stone. 

The  term  ' '  crushed  stone ' '  is  applied  to  irregular  rock 
fragments,  which  result  from  crushing  and  grinding, 
that  are  not  of  specific  shape.  Crushed  stone,  which  is 
used  as  bituminous  and  portland  cement  aggregate,  rail- 
road ballast,  riprap,  and  in  many  chemical,  metallurgical 
and  industrial  processes,  is  discussed  more  fully  under 
that  heading  elsewhere  in  this  bulletin. 

The  total  recorded  production  of  dimension  stone  in 
California  from  1887  to  1955  approximates  42  million 
dollars  in  value.  In  1955,  dimension  stone  valued  at  ap- 
proximately $690,000  was  produced  in  the  state.  This 
stone  was  used  principally  for  monumental  and  building 
stone.  Rock  types  quarried  in  1956  were  granite,  light- 
colored  volcanics,  siliceous  limy  shales,  mica  schist,  slate 
and  quartzite. 

CLASSIFICATION   OF   DIMENSION   STONE   BY   USE 

Dimension  stone  is  subdivided  by  uses  into  building 
stone,  monumental  stone,  paving  stone,  curbing,  and 
flagging. 

Building  Stone.  One  of  the  principal  uses  of  dimen- 
sion stone  is  as  a  construction  material.  Included  in  this 
category  is  stone  in  any  form  that  constitutes  a  part  of 
a  structure;  for  example,  window  sills,  walls,  steps,  or 
fireplaces.  Whereas  building  stone  formerly  was  a  basic 
construction  material,  its  present  function  is  largely 
ornamental.  Building  stone  is  marketed  as  rubble,  rough 
building  stone,  ashlar,  and  cut  or  finished  stone. 

Rubble,  the  crudest  form  of  building  stone,  consists  of 
irregular  rock  fragments,  each  having  at  least  one  essen- 
tially flat  face.  The  stone  is  usually  shaped  by  hand.  It 
is  used  as  veneer  on  small  commercial  buildings,  in  pri- 
vate residences  for  walls,  patios,  fireplaces,  and  swim- 
ming pools.  Rough  building  stones  consist  of  rock  masses 
that  are  rough-faced  and  of  non-uniform  shapes.  This 
stone  also  is  usiially  shaped  by  hand. 

"Ashlar"  is  a  term  applied  to  small  rectangular 
blocks  with  sawed,  planed,  or  naturally  cleft  surfaces. 


Ashlar  blocks  are  used  similarly  to  brick  and  are  laid 
so  that  several  sized  blocks  are  fitted  together  to  make 
a  wall  having  irregular  or  unequally  spaced  joints.  Fig- 
ure 1  shows  a  common  method  of  laying  ashlar  (after 
Bowles,  1939,  p.  24).  Ashlar  is  produced  by  using  a 
block-splitting  machine  or  by  sawing. 

Cut  or  finished  stone  includes  cut  blocks  that  are  ac- 
curately sized  and  surface-tooled.  The  stone  is  used  for 
ornamental  purposes  such  as  interior  or  exterior  wain- 
scoting, floor  tile,  steps,  columns,  baseboards,  and  various 
other  ways. 

Monumental  Stone.  Only  the  finest  types  of  flawless 
uniform  stone  are  used  in  the  production  of  monuments. 
Monuments  range  from  simple  markers  and  headstones 
to  elaborate  and  massive  memorials.  Stone  used  for  this 
purpose  must  be  of  subdued  color,  take  a  good  polish  and 
exhibit  a  distinct  contrast  between  carved  and  polished 
surfaces. 

Paving  Stone.  One  of  the  earliest  uses  for  stone  was 
for  street  and  highway  paving.  Concrete  and  macadam 
have  almost  entirely  replaced  paving  block  for  this  pur- 
pose, although  many  stone  pavements  still  give  excellent 
service,  particularly  in  areas  subjected  to  heavy  vehicu- 
lar traffic.  Only  the  more  resistant  rock  types  such  as 
granite  and  basalt  are  suitable  for  paving  stone. 

Curbing.  Curbstones  are  of  two  types,  straight  and 
corner.  Corner  cuts  are  curved  and  are  more  difficult  to 
make,  with  more  waste,  than  straight  curbs.  Hard  and 
tough  rock  types  such  as  granite  and  basalt  are  partic- 
ularly adaptable  for  corner  curbs  where  shocks  from  the 
wheels  of  vehicular  traffic  are  especially  intense. 

Flagging.  Attractively  colored  rock  types  that  split 
easily  into  slabs  are  suitable  for  flagging.  Flagging  is 
used  chiefly  for  walks,  gardens  and  patios  around  small 
commercial  buildings  and  residences. 

SPECIFICATIONS  OF   ROCK   USED  FOR 
DIMENSION    STONE* 

Only  a  small  portion  of  the  rock  that  comprises  the 
earth's  crust  can  satisfy  the  exacting  specifications  for 
most  dimension  stone.  Freedom  from  cracks  and  lines  of 


•  After  Bowles,  1939,  pp.  26-30. 


FiGURK  1.     A  common  method  of  laying  ashlar  building  stone. 
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weakness  is  essential.  Uniform  texture  and  grain  size 
together  with  an  attractive  color  are  generally  required. 
The  roek  must  be  free  from  such  minerals  as  pyrite, 
marcasite,  and  siderite,  which  oxidize  upon  weathering 
to  cause  deterioration  or  surface  staining.  A  rock  that 
splits  easily  in  one  or  two  planes  is  desirable.  Many  rocks, 
particularly  granites  and  sandstones,  split  in  some  direc- 
tions with  greater  ease  than  in  others.  The  direction  of 
easiest  splitting  or  the  fracture  system  that  makes  split- 
ting possible  is  called  the  "rift."  A  second  and  less 
strongly  marked  fracture  system,  generally  at  right  an- 
gles to  the  rift,  is  called  the  "grain"  or  "run."  The 
direction  of  splitting  at  right  angles  to  both  rift  and 
grain  is  called  the  "hard  way"  or  "head  grain." 

Hardness  and  Workability.  The  hardness  of  a  rock 
is  its  resistance  to  abrasion  and  is  directly  related  to  the 
hardness  and  texture  of  its  component  minerals.  For 
example,  the  principal  minerals  of  granite — quartz  and 
feldspar — are  as  hard  or  harder  than  steel  and  occur  as 
closely  spaced,  commonly  interlocking  grains.  Therefore, 
granite  is  difficult  to  tool.  Grains  of  a  sandstone  consist 
of  quartz  and  feldspar  which  are  hard  as  steel,  but  the 
workability  of  sandstone  depends  mostly  upon  the  nature 
of  the  cementing  material  and  degree  of  induration. 
Hardness  is  relatively  unimportant  in  stone  used  for  ex- 
terior or  interior  walls  as  such  stone  is  not  subjected  to 
wear.  Conversely,  stone  that  is  used  for  floor  tile,  stair 
tread,  paving  block  or  curbing,  should  be  hard  enough 
to  resist  abrasion. 

Texture.  The  texture  of  a  rock  is  a  function  of  the 
size,  arrangement,  and  uniformity  of  the  constituent 
mineral  grains.  In  cut  and  polished  monumental  stone, 
uniform  texture  is  of  prime  importance.  For  building 
purposes,  a  non-uniform  texture  commonly  is  preferred. 
The  trend  in  recent  years  is  toward  natural  appearance 
in  exterior  building  stone  and  non-uniformity  of  color  or 
texture. 

Color.  The  popularity  of  a  particular  building  stone 
depends  largely  on  attractiveness  of  color  and  whether 
or  not  the  color  is  currently  fashionable.  Red,  green, 
buff,  and  gray-colored  rocks  are  widely  used  for  building 
stone.  For  monumental  stone,  rocks  that  show  a  marked 
contrast  between  polished  and  tooled  surfaces  are  used, 
with  color  a  secondary  consideration. 

Strength.  The  strength  of  ordinary  dimension  stone 
in  structures  generally  far  exceeds  the  requirements  of 
safety.  A  stone  that  will  sustain  a  crushing  strength  of 
5,000  pounds  per  square  inch  is  considered  satisfactoi-y 
for  ordinary  use  as  a  construction  material  (Bowles, 
1939,  p.  28).  In  primary  ornamental  dimension  stone,  the 
strength  factor  is  less  significant. 

Porosity  and  Specific  Gravity.  Porosity,  expressed  as 
the  ratio  of  pore  space  to  the  total  rock  volume,  varies 
with  the  rock  type.  Porosity  ranges  from  0.5  to  5  percent 
in  limestone;  is  less  than  1  percent  in  marble,  granite 
and  slate;  and  ranges  from  10  to  20  percent  in  sand- 
stone. Porosity  affects  durability  by  permitting  water  to 
penetrate  into  the  rock,  thereby  causing  mineral  solution 
or  disintegration  by  expansion  during  freezing  and 
thawing  cycles.  A  low  porosity  and  absorption  is,  there- 
fore, desired  in  a  dimension  stone. 


Specific  gravity  is  the  weight  of  a  stone  compared  to 
the  weight  of  an  equal  volume  of  water.  The  specific 
gravity  of  the  common  rock  types  ranges  from  2.2  to  2.8 ; 
the  weight  per  cubic  foot  ranges  from  140  to  180  pounds 
depending  upon  the  weight  of  the  constituent  minerals 
and  the  porosity. 

DuraMlity.  The  durability  of  a  rock  may  be  judged 
by  examining  the  effects  of  weathering  on  outcrops  or 
old  structures  in  which  the  stone  was  used.  Laboratory 
tests  such  as  freeze-thaw,  absorption,  and  sodium  sul- 
fate soundness  can  also  be  employed  to  determine  dura- 
bility. 

ROCK   USED  AS  DIMENSION   STONE  IN  CALIFORNIA 

Granite  and  Related  Rocks  ^ 

Granite,  defined  geologically,  is  a  medium-  to  coarse- 
grained crystalline  rock  that  consists  essentially  of  pot- 
ash feldspar,  subordinate  sodic  feldspar,  and  quartz.  In 
the  stone  industry  the  term  "granite"  is  used  more 
broadly  to  refer  to  various  intrusive  igneous  rocks  with 
granitic  textures,  and  even  some  metamorphie  rocks  with 
gneissie  textures.  Such  igneous  rocks  as  syenite,  granite, 
granodiorite,  quartz  monzonite,  diorite  and  gabbro, 
which  range  in  color  from  light  to  dark  and  in  composi- 
tion from  acidic  to  basic,  commonly  are  referred  to  com- 
mercially as  "granites." 

Granites  are  the  hardest  of  all  of  the  rocks  that  are 
in  common  use  as  dimension  stone  and  are  the  most 
difficult  and  expensive  to  quarry  and  shape  into  finished 
forms.  The  suitability  of  a  granite  for  dimension  stone 
is  governed  mainly  by  physical  properties  (texture, 
color,  and  hardness),  and  structural  features  (joints, 
fractures,  rift,  grain,  sheeting,  dikes,  knots,  and  hair- 
lines). Chemical  composition  is  of  little  economic  sig- 
nificance. 

Unweathered  granites  are  generally  hard,  strong  and 
resistant  to  chemical  attack.  Most  bodies  of  granite  are 
remarkably  uniform  in  grain  size  and  homogeneity  of 
grain  distribution.  Granite  for  dimension  stone  must  be 
capable  of  taking  a  smooth,  long-lasting  polish  and  should 
be  free  of  deleterious  minerals,  such  as  the  iron  sulfides, 
which  cause  deterioration  and  unsightly  staining  upon 
oxidation.  Although  granites  are  hard,  they  vary  in 
brittleness  and  toughness,  depending  upon  the  degree 
with  which  the  mineral  grains  are  interlocked. 

Granite  is  strong  and  durable  and  will  stand  exposure 
to  weather  for  many  years  before  showing  signs  of  decay. 
This  period  ranges  from  75  to  200  years  depending  upon 
the  location  and  climate  (Ries,  1937,  pp.  102-130). 

The  quarrying  of  granite  is  guided  largely  by  the 
spacing  and  arrangement  of  joints  and  sheeting  planes. 
The  most  easily  quarried  masses  contain  two  straight 
major  joint  sets  10  to  30  feet  apart  intersecting  at  right 
angles.  The  presence  of  a  defined  rift  and  grain  is  vital 
to  the  ease  with  which  the  stone  may  be  split.  Sheeting 
planes  are  partings  that  generally  parallel  the  exposed 
surface  of  a  granite  mass  separating  the  mass  into  sheets 
or  layers  much  like  the  skin  of  an  onion.  They  are  most 
advantageous  where  spaced  at  distances  of  10  to  30  feet. 
Dikes,  knots,  (dark  inclusions  or  segregations)  and  hair- 
lines (veinlets  or  discoloration  along  fractures)  mar  the 
appearance  of  a  stone  and  are  unwelcome  in  quarries 
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FiovRE  2.  Hank  ot  California  building,  California  and  Sansome  Streets,  San  Francisco, 
built  with  granite  from  Raymond  district,  Madera  County.  Photo  by  Bob  Lackenbach,  courtesy 
of  C'al-Pictures. 


because  of  the  time  and  labor  spent  in  avoiding  and 
removing  them.  Hairlines  are  unrecognizable  on  rough 
surfaces  but  are  visible  and  objectionable  on  polished 
surfaces.  The  dikes,  which  are  tabular  bodies  of  igneous 
rock  cutting  across  the  granite,  range  in  width  from  a 
fraction  of  an  inch  to  several  feet  or  more.  Knots  are 
either  segregations  of  dark  minerals  in  "spots"  formed 
during  cooling  and  solidification,  or  "inclusions"  of  for- 
eign matter. 

The  principal  uses  of  dimension  granite,  listed  in  order 
of  production  value,  are  monumental  stone,  building 
stone,  curbing  and  paving  block.  A  comparatively  new 
use  for  granites  is  as  surface  plates  which  consist  of 
accurately  polished  blocks  with  almost  perfectly  flat 
surfaces.  They  are  used,  instead  of  cast  iron  or  steel. 
as  precision  tools  for  checking  of  instruments,  small 
assemblies,  parts,  and  any  engineering  work  that  re- 
quires a  smooth  flat  surface.  Only  the  dark,  basic  types 
such  as  norite  and  gabbro  have  been  used  for  surface 
plates  in  California.  Granite  for  this  purpose  must  have 
a  low  absorption,  low  compressibility,  and  a  low  eoeiS- 
cient  of  thermal  expansion  (Merriam,  1955,  p.  100). 
Granite  is  also  one  of  the  common  rock  types  used  as 
crushed  stone  in  California  (see  section  on  crushed  stone 
in  this  volume). 

Granite  has  comprised  approximately  75  percent  of 
the  total  dimension  stone  produced  in  California  from 
1887-1955.  The  total  recorded  production  of  granite  for 
this  interval  approximates  32  million  dollars  (Averill 
et  al.,  1946,  p.  92).  In  1955,  dimension  stone  granite 
worth  $250,000  was  produced  in  the  state. 


Granitic  rock  underlies  about  40  percent  of  Cali- 
fornia's land  area  and  occurs  mostly  in  the  large  bodies 
known  as  the  Sierra  Nevada  and  southern  California 
batholiths,  and  in  smaller  bodies  exposed  in  the  Klamath 
Mountains  and  in  the  desert  regions  of  the  state  (see 
crushed  rock  section  in  this  volume).  Granite  has  been 
quarried  for  dimension  stone  along  the  western  margin 
of  the  Sierra  Nevada  batholith  in  Fresno,  Madera,  Sac- 
ramento, and  Tulare  Counties;  and  along  the  western 
and  northern  borders  of  the  southern  California  batho- 
lith in  Riverside,  San  Bernardino,  and  San  Diego  Coun- 
ties. Because  these  major  granitic  bodies  occupy  moun- 
tainous areas,  the  main  granite  quarries  lie  on  the  flanks 
or  in  outlying  smaller  masses,  as  close  as  possible  to 
major  transportation  routes  to  centers  of  consumption. 
Not  all  the  exposed  granitic  rocks  are  suitable  for  di- 
mension stone.  In  some  areas  the  rock  is  deeply  weath- 
ered or  fractured.  For  example,  none  of  the  granitic 
rocks  of  the  Santa  Monica  or  San  Gabriel  Mountains  in 
southern  California  have  proved  free  enough  of  shatter- 
ing and  weathering  to  be  quarried  as  dimension  stone. 

Quarries  in  the  Sierra  Nevada  Batholith.  Quarries 
in  the  Sierra  Nevada  batholith  have  yielded  approxi- 
mately half  of  the  granite  dimension  stone  and  about  40 
percent  of  all  the  dimension  stone  produced  in  Cali- 
fornia. The  most  productive  districts  have  been  at  Ray- 
mond, Madera  County:  Roeklin,  Placer  County;  and 
Academy,  Fresno  County.  Smaller  areas  were  active  at 
Folsom,  Sacramento  County;  Porterville,  Tulare 
County;  Nevada  City,  Nevada  County;  and  Susanville, 
Lassen  County.  The  quarries  have  been  located  mainly 
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on  low  rounded  outcrops  in  the  foothill  area  where  the 
granite  was  exposed  at  the  surface  or  as  residual 
boulders.  The  periods  of  greatest  activity  were  from 
1889-1895,  1903-1905, 1920-1930. 

The  principal  source  of  granite  in  California  has  been 
the  Raymond  district  in  Madera  County.  This  district, 
which  was  active  mainly  from  1888  to  about  1943,  has  a 
total  production  valued  at  about  10  million  dollars 
(Logan,  1950,  p.  456).  Granite  is  quarried  from  a  broad 
exfoliated  dome  about  700  feet  in  diameter.  The  dome  is 
comprised  of  a  remarkably  uniform,  pale-gray  biotite 
quartz  diorite,  that  splits  easily  with  a  straight  even 
grain.  The  sheeting  planes,  which  are  from  2  to  25  feet 
apart,  parallel  the  surface  of  the  dome  and  form  the 
principal  plane  of  parting.  A  well-defined  rift  trends 
northeast  and  the  grain  northwest.  The  rock  has  been 
removed  at  two  large  quarries  and  several  small  ones, 
all  on  the  west  side  of  the  dome. 

The  largest  quarries,  the  Raymond  Granite  Co. 
(Knowles),  and  the  McGillivray  (McClellan),  are  about 
300  feet  long  and  25  to  40  feet  high.  The  quarry  floor, 
which  is  the  sheeting  plane,  is  inclined  20  to  30  degrees 
to  the  northwest.  The  stone  was  quarried,  with  hand  and 
steam  drills,  by  drilling  and  wedging  along  the  rift  and 
drilling  and  blasting  along  the  grain.  Quarrying  began 
in  1888  and  continued  at  a  constant  rate  until  the  de- 
pression years  of  the  1930 's.  In  1914,  from  400  to  500 
men  were  employed  at  these  quarries.  The  peak  year  was 
1925  when  granite  valued  at  $1,358,410  was  produced 
for  public  building  construction  in  Los  Angeles  (Logan, 
1950,  p.  456). 

Since  the  1930 's,  small  amounts  of  granite  have  been 
produced  in  the  Raymond  district  for  use  as  monumental 
stone.  Here,  in  1950,  a  quarry  was  opened  and  a  finishing 
plant  constructed  to  supply  building  stone  for  State 
buildings  in  Sacramento.  The  operation,  which  lasted 
for  about  3  years,  was  financially  unsuccessful  and  the 
completely-equipped  plant  is  now  idle.  The  oldest  and 
most  productive  of  the  quarries,  that  of  the  Raymond 
Granite  Co.,  was  acquired  in  1953  by  the  Cold  Spring 
Granite  Co.  of  Minnesota  which  in  1956  was  installing 
new  wire  saws,  gang  saws,  polishers,  and  a  140-ton  steel 
derrick.  About  12  men  will  be  employed  to  produce  mon- 
umental stone  principally  for  shipment  eastward. 

Granite  similar  to  that  quarried  at  Raymond  has  been 
quarried  in  Placer  County  from  an  area  that  extends 
from  Rocklin  to  Newcastle.  Since  1863,  granite  valued 
at  well  over  3  million  dollars  has  been  produced  from 
this  district  (Logan,  1927,  p.  236).  Here,  a  triangular- 
shaped  portion  of  the  batholith,  approximatelj'  20  miles 
long  and  5  to  10  miles  wide  and  extending  from  Folsom 
in  Sacramento  County  to  northeast  of  Lincoln  in  Placer 
County,  has  been  exposed  by  erosion.  Quarrying  has 
been  confined  to  the  gently  rolling  plain,  approximately 
6  miles  long  and  1  to  2  miles  wide,  that  extends  from 
Rocklyn  to  Penryn.  The  granite  occurs  as  massive  ex- 
posures with  a  light  overburden,  and  as  residual  surface 
boulders.  The  stone  is  a  uniform  pale-gray  quartz  diorite 
that  splits  easily  into  slabs  10  to  20  feet  long  and  takes  a 
high  polish.  East  of  Penryn  a  small  outcrop  of  black 
hornblende  gabbro  also  has  been  quarried  for  monu- 
mental stone. 

Quarrying  began  in  1863  at  Penryn,  Loomis,  and 
Rocklin.  The  quarries  were  ordinarily  worked  by  2  or 


Figure  3.  Cold  Spring  Granite  Company  quarry  in  the  Ray- 
mond district,  Madera  County.  The  sheeting  planes  that  parallel 
the  surface  facilitate  quarrying. 

3  men  and  consist  of  rectangular  pits  several  of  which 
are  100  or  more  feet  deep.  The  main  period  of  activity 
was  from  1864  to  1890.  Twenty  or  more  quarries  were 
operating  in  1910.  The  last  large  order  for  building  stone 
was  in  1920  when  granite  valued  at  $212,625  was  pro- 
duced at  Rocklin  for  the  Bank  of  Italy  building  in  San 
Francisco.  In  1956,  only  one  quarry,  that  of  the  Union 
Granite  Co.,  Rocklin,  was  being  worked.  This  company 
which  has  been  active  for  over  30  years,  produces  from 
a  rectangular  pit  approximately  150  feet  wide,  500  feet 
long,  and  150  feet  deep.  Blocks  are  removed  by  chan- 
neling (drilling  closely  spaced  rows  of  holes  and  cutting 
out  core  between)  and  lifted  directly  into  a  finishing 
plant  at  the  edge  of  the  quarry.  The  stone  is  sawed,  pol- 
ished and  engraved  for  use  as  monuments.  Waste  is  used 
as  crushed  rock  (see  section  on  crushed  and  broken  stone 
in  this  volume). 

Granite  dimension  stone  valued  at  more  than  $650,000 
has  been  produced  in  the  Sierran  foothills  1  mile  north- 
east of  Academy  in  Fresno  County  (Logan  et  al.,  1951, 
p.  504).  In  this  district  a  dark-colored  augite  gabbro- 
diorite  crops  out  as  residual  surface  boulders  and  as 
massive  ledges  underlying  low  rounded  hills.  Nine  quar- 
ries in  all  have  been  worked  in  a  100-acre  area.  In  1903, 
the  Academy  Granite  Company  began  operating  what 
is  now  the  oldest  and  largest  quarry.  This  company  sub- 
sequently consolidated  under  the  name  of  Clovis  Quar- 
ries and  in  1956  was  still  active.  The  stone  is  removed 
from  a  quarry  opening  about  100  feet  high  and  50  feet 
wide.  A  major  joint  system  parallels  the  face  of  the 
quarry  and  blocks  are  removed  by  undercutting  by 
means  of  drilling  and  blasting.  Residual  boulders  also 
are  found  in  the  quarry  and  are  moved  to  the  quarry 
floor  where  they  are  wedged  to  size.  Three  to  four  men 
are  ordinarily  employed.  Blocks  are  trucked  11  miles 
to  a  dressing  and  polishing  plant  at  Clovis  where  they 
are  finished,  principally  as  monumental  stone.  Larger 
blocks  are  shipped  by  rail  to  surface  plate  manufac- 
turers. 
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Granite  valued  at  $740,000  has  been  produced  in  Tu- 
lare County  from  three  quarries  in  the  foothills  east  of 
Porterville  and  Exeter.  A  dark-gray  "black  granite" 
(gabbro-diorite),  composed  of  andesine  feldspar,  augite 
and  biotite ;  and  a  pale-gray  biotite  granite  occur  as  re- 
sidual boulders  and  in  massive  exposures  that  comprise 
low  hills.  Production  started  in  1889  at  the  Rocky  Point 
quarry  east  of  Exeter.  At  Success  the  Raymond  Granite 
Co.  has  intermittently  quarried  "black  granite"  blocks 
by  channeling  methods,  but  this  operation  -was  shut  down 
in  1953.  The  blocks  were  shipped  to  the  Raymond  Granite 
Company's  finishing  plant  at  Raymond. 

The  oldest  granite  building  stone  quarries  in  Cali- 
fornia are  at  Folsom,  Sacramento  County.  They  were 
opened  in  1856  to  provide  stone  for  construction  proj- 
ects in  San  Francisco.  The  main  periods  of  activity  of 
the  Folsom  quarries  were  from  1894  to  1911  and  1921 
to  1931  when  granite  valued  at  about  $675,000  was  pro- 
duced (Carlson,  1955,  p.  127).  The  quarries  exist  in 
massive  exposures  at  the  southernmost  extremity  of  the 
granitic  mass  in  which  the  Placer  County  quarries  are 
located. 

Two  small  granite  quarries  at  the  northern  end  of  the 
Sierra  Nevada  batholith  in  northeastern  California  have 
been  operative  since  1915.  The  Greig  quarry  south  of 
Susanville,  liassen  County,  and  the  Netz  quarry,  Nevada 
City,  Nevada  County  have  consistently  produced  small 
amounts  of  paving  and  monumental  stone  from  granite 
boulders. 

Quarries  in  the  Southern  California  Batholith.  In 
San  Diego,  Riverside,  and  San  Bernardino  Counties  the 
various  bodies  of  granitic  rock,  known  collectively  as 
the  Southern  California  batholith,  are  sources  of  dimen- 
sion stone.  The  production  of  granite  in  San  Diego 
County  from  1898-1955  amounted  to  $1,943,000,  approxi- 
mately 6  percent  of  the  total  granite  production  in  the 
state  for  this  interval.  During  the  period  1950-55,  this 
county  has  contributed  about  one-third  of  the  granite 
dimension  stone  produced  in  California.  Two  types  of 
granite  have  been  quarried  in  the  county,  a  pale-gray 
granodiorite  and  a  "black  granite,"  which  includes  such 
rock  species  as  hornblende  gabbro,  norite,  and  quartz- 
biotite  gabbro.  The  "black  granite"  is  in  demand  for 
use  in  monuments  and  building  fronts  because  of  its 
pleasing  black  color,  fine-grained  texture  which  permits 
a  high  polish,  and  its  resistance  to  weathering.  However, 
the  "black  granite"  is  unusually  hard  and  tough  and 
therefore  more  costly  to  quarry  and  finish  than  most 
other  California  granites. 

Most  of  these  ' '  black  granite ' '  quarries  are  in  residual 
boulder  deposits,  whereas  the  light-gray  granite  is  quar- 
ried mainly  from  massive  rock.  Distinct  joint  sets  and  a 
poorly  developed  sheeting  structure  characterize  the 
massive  exposures.  The  joints  intersect  at  right  angles 
and  are  spaced  from  1  to  10  feet  apart.  The  sheeting 
surfaces  dip  gently  and  generally  are  parallel  to  the 
slope  of  the  land  surface  and  are  irregularly  spaced 
from  6  inches  to  6  feet  apart.  Such  features  are  rarelj' 
observed  in  residual  bouldery  deposits.  The  boulders 
have  formed  chiefly  from  weathering  through  expansion 
and  subsequent  breaking  apart  by  disintegration.  A 
more  extensive  description  of  the  occurrence  of  the 
"black  granite"  is  provided  in  a  recent  publication 
(Hoppin  and  Norman,  1952). 


Figure  4.  Residual  boulders  of  "black  granite"  in  quarry  of 
Escondido  Quarries,  Escondido,  San  Diego  County.  Boulders  are 
removed  to  floor  for  drilling  and  blasting. 


The  principal  dimension  stone  districts  in  San  Diego 
County  are  near  Lakeside,  Escondido,  and  Vista.  Since 
1888,  more  than  40  quarries  have  been  opened.  Fifteen 
quarries  have  been  active  for  various  periods  since  1953, 
and  seven  were  being  worked  in  1956.  In  1955,  granite 
valued  at  $92,180  was  produced  in  the  county.  The  most 
productive  operation  in  1956  was  that  of  Escondido 
Quarries  near  Escondido.  Here,  boulders  of  "black 
granite"  are  removed  from  a  quarry  70  feet  high  and 
125  feet  long.  The  boulders  are  rolled  to  the  quarry  floor 
and  split  into  rough  blocks  by  drilling  and  blasting  with 
black  powder.  The  crude  blocks  are  cut  by  gang  saws  or 
a  four-strand  wire  saw  into  slabs  which  are  shipped  to 
the  finishing  plants  of  Pacific  Cut  Stone  at  Alhambra, 
Los  Angeles  County,  and  Clovis  Quarries  at  Clovis, 
Fresno  County.  The  stone  is  used  for  monuments  and 
for  making  surface  plates. 


I'iGi  III.  Tj.  JJuuldei-  dcllo^il  nl  'lilack  ^;iMiiito"  iu  Valley  Granite 
Company  quarry,  Escondido,  San  Diego  County.  The  boulders, 
which  range  from  6  to  8  feet  in  diameter,  are  drilled  and  blasted 
in  place. 
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Most  of  the  granite  dimension  stone  produced  in 
Riverside  County  has  been  quarried  within  10  miles  of 
Corona  and  Riverside.  The  remainder  has  been  obtained 
from  two  quarries  near  Temeeula.  Pour  of  the  larger 
dimension  stone  quarries  in  the  county — one  at  Casa 
Blanea,  and  others  near  the  settlements  of  Norco,  Por- 
phyry, and  Temeeula — have  been  virtually  inactive  since 
the  early  1900 's.  Three  or  four  large  quarries  in  River- 
side County,  as  well  as  the  Declezville  quarry  in  the 
Jurupa  Mountains  of  San  Bernardino  County,  were 
worked  for  dimension  stone  in  the  early  1900  's  and  since 
then  have  been  intermittently  active  as  sources  of  large 
riprap  stone  for  harbor  projects  (see  section  on  crushed 
stone). 

About  a  half  dozen  small  quarries  near  Victorville 
and  Oro  Grande  were  active  in  the  late  1800 's  and  early 
1900  's,  yielding  building,  monumental,  paving,  and  curb- 
ing stone.  This  stone,  much  of  which  was  obtained  from 
boulders,  was  used  locally  and  some  was  shipped  as  far 
as- San  Francisco.  Little  or  no  production  of  granitic 
stone  has  been  reported  in  this  district  since  prior  to 
1906.  Two  small  quarries  in  deeply  jointed  rock  about 
10  miles  northeast  of  Lucerne  Valley  have  been  active 
intermittently  since  the  mid-1930 's,  yielding  moderate 
tonnages  of  granitic  building  monumental  stone  which 
has  been  used  primarily  in  the  Los  Angeles  area. 

Sandstone 

Sandstone  is  a  consolidated  sedimentary  rock  com- 
posed mostly  of  mineral  or  rock  fragments  that  range  in 
size  from  ys  t^^-  to  2  mm.  The  most  common  cement- 
ing materials  are  iron  oxide,  calcite,  silica,  and  clay.  The 
predominant  mineral  grains  in  most  sandstones  in  Cali- 
fornia are  quartz,  feldspar,  and  mica.  Some  sandstones 
are  composed  almost  entirely  of  quartz  grains;  other 
sandstones  contain  33  percent  or  more  of  fragments  of 
dark-colored  rocks  and  minerals  and  are  known  as  gray- 
wacke. 

The  usefulness  of  a  sandstone  as  dimension  stone  de- 
pends largely  upon  the  nature  of  the  cementing  ma- 
terial and  degree  of  cementation.  All  gradations  exist 
between  poorly  cemented  "sand"  through  sandstone  to 
the  dense,  hard  rock  known  as  quartzite.  Only  the 
harder  types  of  sandstones  are  used  as  dimension  stone. 
As  some  are  cemented  more  firmly  in  certain  parts  than 
in  others,  they  contain  hard  and  soft  spots,  an  unde- 
sirable feature.  Most  of  the  sandstones  that  are  strong 
enough  for  a  good  building  stone  and  soft  enough  to  be 
economically  quarried  and  dressed  contain  iron  oxide 
or  clay  as  the  principal  cement. 

Permanence  of  color  is  desired  in  a  sandstone.  The 
deeper  shades  of  red,  brown,  yellow  or  buff  are  gen- 
erally permanent  as  they  are  caused  by  the  stable  iron 
oxides — limonite  or  hematite.  Blue  or  gray  sandstones 
may  contain  ferrous  sulfides  or  ferrous  carbonates 
which,  upon  exposure,  will  oxidize  to  the  more  stable 
forms  and  gradually  assume  buff  or  red  colors  (Bowles, 
1939,  p.  69).  Uniformity  of  color  is  not  essential,  as 
varicolored  rocks  produce  pleasing  architectural  effects. 
Uniformity  in  grain  size,  however,  is  a  very  desirable 
feature  in  sandstone. 

The  ease  with  which  sandstone  can  be  worked,  its 
variety  of  pleasing  colors,  and  its  ability  to  harmonize 
with  brick  and  other  building  material  makes  it  one  of 


the  most  desirable  of  the  building  stones.  The  principal 
uses  of  dimension  sandstone  are  for  building  stone,  flag- 
ging, and  curbing.  An  estimated  4  million  dollars  worth 
of  sandstone  has  been  produced  as  dimension  stone  in 
California  since  1887  (Averill  et  al,  1948,  p.  92).  No 
rock  type  classified  petrographically  as  a  sandstone  has 
been  produced  as  dimension  stone  in  California  since 
1942. 

Sandstone  crops  out  predominantly  in  the  Coast 
Ranges  of  northern  and  central  California  and  the 
Transverse  and  Peninsular  Ranges  of  southern  Cali- 
fornia. Almost  all  of  the  dimension  sandstone  has  been 
produced  from  Cretaceous  formations. 

The  principal  centers  of  past  production  were  located 
at  Sites,  Colusa  County;  Graystone,  Santa  Clara 
County;  Chatsworth,  Los  Angeles  County;  and  Sespe 
Canyon,  Ventura  County.  The  main  period  of  sandstone 
production  extended  from  1888-1919. 

Probably  the  first  dimension  sandstone  to  be  produced 
in  California  was  quarried  from  sandstones  of  the  Fran- 
ciscan (Mesozoic)  group  at  Angel  Island  in  San  Fran- 
cisco Bay.  The  Angel  Island  quarries  were  active  as 
early  as  1865  and  furnished  building  stone  for  construc- 
tion in  San  Francisco. 

The  principal  source  of  dimension  sandstone  in  the 
state  has  been  the  Upper  Cretaceous  sandstones  near 
Sites  in  Colusa  County.  From  1894  to  1914,  these  sand- 
stones yielded  about  1,186,000  cu.  ft.  of  dimension  stone 
valued  at  $1,448,000  (Logan,  1929,  p.  286).  The  Sites 
locality  is  in  a  belt  of  interbedded  sandstone  and  shale 
that  extends  along  the  western  margin  of  the  Sacra- 
mento Valley  from  the  northern  boundary  of  Colusa 
County  southward  for  20  miles.  In  the  vicinity  of  Sites 
massive  sandstone  beds,  suitable  for  building  stone,  are 
exposed  for  a  distance  of  8  miles  in  a  zone  three-fourths 
of  a  mile  wide.  The  beds  range  in  thickness  from  4  to  35 
feet,  dip  approximately  50°  to  the  northeast,  and  strike 
northwest.  The  stone  has  a  blue-gray  and  buff  color 
which  weathers  to  light  brown,  is  soft  and  has  an  even 
grain. 

Three  closely  spaced  quarries  were  opened  on  the  east 
side  of  the  sandstone-bearing  belt,  and  were  enlarged 
until  each  was  approximately  250  feet  long  and  200  feet 
in  maximum  height.  Blocks  were  quarried  by  drilling 
holes  2  to  3  feet  apart  and  shooting  with  powder.  The 
blocks  were  shipped  by  rail  to  finishing  plants.  This 
locality  was  worked  steadily  from  1901-1914.  Since  that 
time  little  or  no  stone  was  quarried,  although  occasional 
sales  were  made  of  stone  previously  quarried.  Maximum 
production  was  in  1904  when  stone  valued  at  .$290,000 
was  produced  (Anbury,  1906,  p.  116).  Most  of  the  .sand- 
stone vised  in  buildings  in  San  Francisco,  including  the 
Ferrj'  Building  and  the  St.  Francis  Hotel,  came  from 
the  Sites  locality. 

Another  center  of  sandstone  production  in  northern 
California  was  9  miles  south  of  San  Jose  in  Santa  Clara 
County.  Here  Cretaceous  sandstones  underlie  an  elong- 
ate area,  4  miles  long  and  ^  mile  wide,  on  the  southwest 
fiank  of  the  Santa  Teresa  Hills  (Davis  and  Jennings, 
1954,  p.  383).  The  beds  range  in  thickness  from  3  to  10 
feet  and  dip  at  approximately  25°  to  the  north.  The 
stone  is  uniform  in  texture  and  color  (buff)  and  soft 
enough  to  be  easily  carved.  The  largest  operation  was 
the  Graystone  quarry  which  was  100  feet  high  and  200 
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Figure  6.  Inactive  sandstone  quarry  of  the  McGilvray  Stone 
Company  at  Sites,  Colusa  County.  Quarry  is  about  150  feet  in 
width.  This  quarry  provided  stone  for  many  buildings  in  San 
Francisco,  such  as  the  Ferry  Building  and  St.  Francis  Hotel. 


feet  long.  Quarrying  began  here  in  1866,  and  was  most 
active  from  1900  to  1905  when  an  output  valued  at  half 
a  million  dollars  or  more  was  obtained.  The  stone  was 
used  in  buildings  in  San  Jose  and  to  construct  the  build- 
ings on  the  campus  of  Stanford  University  at  Palo  Alto. 
No  ])roduetion  has  been  reported  since  1905. 

In  southern  California,  large  tonnages  of  sandstone 
were  produced  in  the  early  1900 's  from  the  Upper 
Cretaceous  Chico  formation  which  comprises  the  Simi 
Hills  along  the  western  margin  of  the  San  Fernando 
Valley  near  Chatsworth  in  Los  Angeles  County.  Promi- 
nent massive  sandstone  beds,  ranging  in  thickness  from 
20  to  25  feet  and  dipping  approximately  20  to  25°  to 
the  north,  occur  in  a  belt,  15  miles  long  and  3  miles 
wide.  The  stone,  an  arkose,  is  blue-gray  on  fresh  sur- 
faces and  weathers  buff.  It  is  fine-grained  and  very  uni- 
form in  texture  and  color  and  splits  readily.  In  the 
early  1900's  five  quarries  were  active  in  this  area,  but  all 
were  shut  down  by  1915,  and  no  subseqtient  activity  has 
been  reported  (Gay  and  Hoffman,  1954,  p.  533).  Blocks 
were  quarried  by  hand  drilling,  blasting  with  black 
powder  and  split  with  wedges.  The  stone  was  used  in 
churches,  commercial  buildings,  and  private  residences 
in  southern  California. 

In  Ventura  County  an  Oligocene  sandstone,  the  so- 
called  "Sespe  Brownstone,"  was  quarried  in  Sespe  Can- 
yon near  Santa  Paula.  The  sandstone  is  exposed  at  the 
crest  of  the  "Cold  Water  anticline"  and  crops  out  in 
beds  10  to  20  feet  thick.  Two  sets  of  nearly  perpendicular 
joint  planes  divide  the  beds  into  rectangular  blocks. 
Some  of  these  blocks  were  quarried  in  place,  but  most  of 
the  quarrying  was  in  blocks  that  had  worked  loose  and 
rolled  down  the  canyon.  Several  operators  were  active 
as  early  as  1888  and  through  the  early  1900's  (Anbury, 
1906,  pp.  142-144).  No  subsequent  activity  has  been  re- 
ported from  this  district.  Small  but  significant  amounts 
of  dimension  sandstone  also  have  been  produced  in  Ama- 
dor, Contra  Costa,  Kern,  Orange,  San  Bernardino,  Santa 
Barbara,  Shasta,  and  Siskiyou  Counties. 


Limestone  and  Marble 

To  the  petrologist  marble  is  a  crystalline  limestone, 
but  in  the  stone  industry  and  in  the  present  discussion 
the  term  "marble"  is  applied  to  any  calcareous  rock 
capable  of  taking  a  polish.  Some  marbles  are  composed 
almost  entirely  of  carbonate  minerals ;  others  contain 
such  impurities  as  silica  and  silicate  minerals,  iron  oxide 
and  iron  sulfide  minerals,  and  organic  matter.  Marble  is 
commonly  white,  but  the  iron  oxides  impart  colors  of 
tan,  red  or  brown,  whereas  carbonaceous  matter  causes  a 
gray  to  black  color.  Verde  antique  is  a  greenish  rock 
composed  of  serpentine  mixed  irregularly  with  calcite. 

Marbles  are  tougher  than  most  limestones,  as  grains  of 
calcite  in  limestone  usually  are  less  firmly  cemented  to- 
gether. Uniform  hardness  and  high  resistance  to  abrasion 
are  desirable  qualities  in  marbles  to  be  used  for  floor 
tile,  sills,  or  steps.  Marble  for  exterior  purposes  should 
have  a  low  porosity  to  prevent  infiltration  of  water  which 
may  dissolve  or  discolor  the  stone.  Marble  to  be  used  for 
monuments  should  present  a  distinct  contrast  between 
chiseled  and  polished  surfaces. 

Impurities,  such  as  iron  sulfides,  silica  and  dolomite, 
should  be  avoided.  The  chief  iron  sulfides  in  marble — 
pyrite  and  marcasite — decoirpose  when  exposed  to  weath- 
ering, causing  undesirable  discolorations.  Weathered  out- 
crops of  the  deposit  should  be  examined  to  notice  such 
effects.  Silica  knots  or  bands  differ  in  color  and  texture 
and  detract  from  the  appearance  of  marble.  As  silica  is 
much  harder  than  carbonate  minerals,  its  presence  re- 
tards channeling,  drilling,  or  sawing,  injuring  tools. 
Because  of  this  difference  in  hardness,  a  uniform  finish 
is  difficult  to  obtain  on  siliceous  marble. 

Alternating  masses  of  dolomite  and  calcite  also  are 
undesirable  in  dimension  stone  marble,  as  they  weather 
unequally  and  cause  a  nonuniform  surface.  The  stone 
also  may  exhibit  differences  in  texture,  color  and  suscep- 
tibility to  polish  because  of  the  presence  of  these  two 
different  minerals.  Pure  dolomite  or  intimate  mixtures 
of  dolomite  and  calcite  is  not  to  be  regarded  as  inferior. 

The  principal  uses  of  dimension  marble  are  as  build- 
ing stone  and  monumental  stone.  Marble  is  also  used  as 
crushed  stone  (discussed  under  that  heading  elsewhere 
in  this  volume). 

Despite  its  widespread  occurrence  in  California,  mar- 
ble has  been  produced  commercially  in  only  a  few  locali- 
ties ;  principally  in  Tuolumne,  San  Bernardino  and  Inyo 
Counties.  From  1887  to  1946  the  total  recorded  produc- 
tion of  marble  in  California  was  valued  at  about  $3,588,- 
000  (Averill,  et  al.,  1948,  p.  90). 

The  Columbia  district  near  Sonora,  Tuolumne  Coun- 
ty, has  been  the  principal  source  of  marble  in  California. 
From  1904  to  1942  this  district  yielded  255,000  cubic 
feet  of  marble  valued  at  $700,000.  (Logan,  1949,  pp. 
51-53).  Quarrying  began  here  in  1860,  and,  from  1862 
to  1866,  thousands  of  tons  were  processed  by  a  mill  with 
100  saws  and  four  polishing  machines.  But  with  the  erec- 
tion in  San  Francisco  of  similar  ])lants  to  handle  marble 
from  Italy  and  Vermont,  the  marble  operations  at  Co- 
lumbia and  elsewhere  in  California  were  greatly  cur- 
tailed. The  Italian  stone  was  brought  as  ship  ballast  to 
the  Pacific  Coast  more  cheaply  than  marble  could  be 
transported  from  California  quarries  150  miles  from 
market.  The  Columbia  quarries,  however,  continued  to 
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FiGUKE  7.  Inactive  marble  quarry  of  the  Columbia  Marble 
Company,  Columbia,  Tuolumne  County.  The  cut  faces  are  6  to  8 
feet  high.  Much  of  the  interior  marble  used  in  buildings  in  Cali- 
fornia came  from  this  quarry. 

produce  for  a  local  market,  and,  with  the  building  of  the 
Sierra  Railway  in  1878,  began  again  to  supply  the  San 
Francisco  market.  The  quarries  were  most  productive 
from  1904  to  1914,  and  were  intermittently  active  until 
1942.  The  year  of  greatest  production  was  1910,  when 
27,600  cubic  feet  of  marble  valued  at  $107,400,  was  pro- 
duced. 

The  marble  in  the  Columbia  district  occurs  as  irregu- 
larly shaped  masses  of  dolomite  in  metamorphosed  lime- 
stones of  the  Calaveras  group  of  Paleozoic  age.  The  lime- 
stones are  exposed  in  a  belt,  approximately  25  miles  long 
and  1  to  5  miles  wide,  trending  roughly  northwest.  The 
bedding  is  generally  indistinct  and  steeply  dipping.  The 
marble  is  a  dense,  fine-grained  dolomite  that  takes  a  fine 
polish.  The  stone  weighs  169  to  182  pounds  per  cubic 
foot  and  has  a  compressive  strength  of  25,000  pounds 
per  square  inch.  The  stone  most  commonly  quarried  is 
white  with  blue  veining.  A  buff  stone  with  reddish  vein- 
ing  also  was  produced. 

Four  quarries  were  active  between  Columbia  and 
Sonora.  The  largest  of  these  were  the  Columbia  Marble 
Quarry  which  operated  from  1891  to  1942  and  the  Bell 
Columbia  Marble  quarry  which  operated  from  1918  to 
1926.  At  the  original  Columbia  Marble  quarry,  a  marble 
mass  150  feet  wide  was  exposed  for  a  depth  of  800  feet. 
A  later  pit  opened  in  1921  revealed  a  marble  mass  200 
feet  wide,  500  feet  deep  and  a  mile  long.  Quarrying  was 
done  by  channeling  machines  which  cut  three  sides  of 
16  X  12  foot  blocks.  The  blocks  were  then  drilled  hori- 
zontally, broken  out  by  the  plug-and-feather  method,  and 
hoisted  to  the  eight  gangsaws  located  above  the  quarry. 
The  cut  slabs  were  polished,  and  shipped  to  San  Fran- 
cisco for  interior  use  as  flooring,  steps,  and  wainscoting. 
The  only  recent  production  from  this  district  has  been 
crushed  stone  for  terrazzo  and  chemical  use  (see  crushed 
stone  and  limestone  sections  for  more  thorough  discus- 
sions of  these  operations). 

From  1896  to  1950,  several  localities  in  San  Bernar- 
dino County  yielded  185,388  cubic  feet  of  dimension 


stone  marble  valued  at  $343,076.  The  main  periods  of 
activity  were  from  1902  to  1909  and  1936  to  1941.  The 
bulk  of  the  early  production  came  from  Slover  Mountain, 
near  Colton,  where  a  recrystallized  limestone  of  probable 
Paleozoic  age  occurs  as  roof  pendants  in  granitic  rocks. 
The  poorly  defined  limestone  strata  which  strike  N.  70° 
E.  and  dip  45°  east,  are  more  than  2,000  feet  thick.  The  | 
dimension  stone  quarries,  which  were  on  the  south  side 
of  the  mountain,  were  leased  from  the  California  Port- 
land Cement  Company  which  also  worked  the  deposit  for 
cement  and  continues  to  do  so  (see  sections  on  cement 
and  limestone  in  this  volume).  The  stone  ranges  from  a 
coarsely  crystalline,  white  variety  to  a  finer-grained  blue- 
gray  variety,  and  contains  disseminated  flakes  of  graph- 
ite. It  is  dense  and  takes  a  good  polish.  Beds  5  to  7 
feet  thick  were  worked  in  the  quarries  and  were  broken 
by  hand  drilling  and  by  blasting  with  black  powder. 
Blocks  were  cut  and  polished  and  were  marketed  as  in- 
terior veneer  in  San  Francisco  and  Los  Angeles.  The 
dimension  stone  quarries  were  shut  down  by  1910. 

The  Vaughan  Marble  quarry,  5  miles  north  of  Cadiz 
in  San  Bernardino  County,  was  active  from  1937  to  1939. 
The  quarry  is  in  marble  beds  that  crop  out  in  a  north- 
we.st-trending  belt  of  Cambrian  sedimentary  rocks  that 
contains  quartzite,  shale  and  limestone,  and  is  about 

2  miles  long  and  1  mile  wide.  The  marble  beds  average 
20  feet  in  thickness  and  dip  35  to  55  degrees.  Blocks  of 
black  and  blue-black  variegated  colors  weighing  15  to 
20  tons  were  removed  from  two  small  quarries  and 
shipped  to  Los  Angeles  for  cutting  and  polishing. 

In  1915  and  1918,  small  tonnages  of  marble  were  pro- 
duced from  the  Three  Colored  Marble  quarry  on  the 
northeast  slope  of  Sidewinder  Mountain  also  in  San  Ber- 
nardino County.  The  deposit  is  a  multi-colored  sedimen- 
tary breccia  about  200  feet  thick,  consisting  of  white 
irregular  dolomite  fragments  in  a  green  and  black  matrix 
of  dolomitic  limestone.  The  fragments  were  derived 
largely  from  the  underlying  Carboniferous  Oro  Grande 
series.  An  open  cut,  20  feet  wide,  30  feet  high,  driven 
20  feet  into  the  hill  is  the  only  working.  In  the  quarry, 
east-striking  and  steeply  dipping  joints  limited  the  size 
of  blocks  obtained.  Blocks  as  much  as  9  feet  in  longest 
dimension  were  removed  by  blasting,  and  rolled  down- 
hill where  they  were  loaded  by  block  and  tackle  onto 
wagons  and  trucks  and  shipped  elsewere  for  cutting  and 
polishing  (Bowen,  1954,  pp.  146-148).  The  stone  was 
used  for  ornamental  purposes. 

Verde  antique  marble  was  produced  intermittently 
from  1890  until  the  early  1900 's  at  the  Verde  Antique 
Marble  quarry  15  miles  northeast  of  Vietorville.  The 
rock  is  a  serpentinized  marble  derived  by  contact  meta- 
morphism  of  a  roof  pendant  of  dolomite  of  the  late  Pa- 
leozoic Oro  Grande  series.  The  marble  is  colored  variously 
in  combinations  of  yellow,  chocolate,  black,  blue,  red, 
gray,  cream,  rose,  and  white.  The  predominant  colors 
are  yellow,  white  and  brown.  The  bands  of  serpentinized 
marble  strike  northwest,  dip  southwest  and  range  from 

3  to  6  feet  in  width.  The  chief  working  is  a  level  quarry 
near  the  top  of  an  1100  foot  mountain.  The  quarry  is 
60  to  100  feet  wide,  75  feet  high  and  extends  50  feet  into 
the  hill.  Blocks  were  blasted  and  dragged  to  the  base  of 
the  hill,  loaded  onto  wagons  and  taken  to  Vietorville.  The 
stone  was  shipped  by  rail  to  Colton  where  it  was  sawed 
and  polished  and  sold  for  use  as  interior  decorations  in 
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biiildiiifrs  in  Los  Angeles  and  San  Francisco  (Anbury, 
1906,  p.  147,  and  Bowen,  1954,  p.  148). 

Marble  dimension  stone  was  first  produced  in  Inyo 
County  in  1888  when  the  Inyo  Marble  Company  began 
quarrying  operations  low  on  the  west  flank  of  the  Inyo 
Mountains  between  Keeler  and  Lone  Pine.  Production 
in  Inyo  County  was  reported  during  the  periods  1894- 
1898,  1903-1907,  and  1913-1914,  when  78,400  cubic  feet 
of  dimension  stone  marble  valued  at  $219,300  was  pro- 
duced. The  entire  output  is  believed  to  have  come  from 
the  property  of  the  Inyo  Marble  Companv  (Logan,  1947, 
p.  244). 

Paleozoic  sedimentary  rocks  containing  abundant 
limestone  and  dolomite  are  discontinuously  exposed  for 
many  miles  along  the  east  margin  of  Owens  Valley. 
Quarrying  operations  have  been  confined  to  Silurian  and 
Devonian  dolomite  which  underlie  a  belt  half  a  mile 
wide,  6  miles  long,  and  are  at  least  500  feet  in  exposed 
thickness.  The  beds  dip  northeastward  at  a  high  angle 
and  are  highly  fractured.  Three  varieties  of  fine-grained, 
dense  dolomite  were  quarried — white,  yellow,  and  varie- 
gated white  with  black  manganese  dendrites.  During  the 
early  years  of  production,  rough  marble  blocks  weighing 
15  to  18  tons  each  were  removed  and  shipped  by  rail  to 
Truckee  where  the  company  had  a  sawing  and  polishing 
jilant.  This  marble  was  used  in  many  buildings  in  San 
Francisco.  Since  1915,  the  property  has  been  worked 
as  crushed  stone  for  chemical  use,  and  in  the  manufac- 
ture of  roofing  granules  and  terrazzo  chips  (see  sections 
on  crushed  stone  and  limestone). 

Marble  also  has  been  produced  in  small  quantities  in 
Amador  County  near  Plymouth  and  at  Crestmore  in 
Riverside  County.  In  the  1890 's  some  "onyx  marble," 
aragonite,  was  quarried  from  a  deposit  17  miles  north- 
east of  Arroyo  Grande  in  San  Luis  Obispo  County. 

Slate 

Slate  is  a  fine-grained  rock  produced  by  the  regional 
metamorphism  of  clay  or  shale.  Pressure  and  heat  cause 
the  shaly  material  to  partly  recrystallize  to  platy, 
micaceous  minerals  in  parallel  orientation.  The  cleavage 
thus  produced  is  sufficiently  well-developed  to  allow  easy 
splitting  of  the  rock  and  is  the  feature  of  greatest  eco- 
nomic importance.  The  predominant  minerals  in  mica 
slate  are  muscovite,  quartz,  chlorite,  and  carbonaceous 
matter. 

The  commercial  value  of  slate  depends  upon  mineral- 
ogical  composition,  structure  and  texture.  Permanence 
of  color  is  especially  desirable.  Some  slates  maintain 
their  original  color  for  many  years,  whereas  other  slates 
change  shades  within  a  comparatively  short  time.  Color 
is  determined  by  chemical  and  mineralogical  composi- 
tion. Gray,  blue-gray  or  black  color  is  attributed  to  the 
presence  of  carbonaceous  material ;  green  if  chlorite  is 
abundant;  red,  purple,  yellow  or  brown  have  oxides  of 
iron.  Some  color  changes  are  attributable  to  the  decom- 
position of  carbonates  of  iron,  calcium  or  magnesium  to 
form  the  yellow  hydrous  iron  oxide,  limonite. 

The  cleavage  generally  must  permit  the  slate  to  split 
along  smooth  planar  surfaces.  A  second  direction  of 
splitting,  "the  grain,"  is  approximately  at  right  angles 
to  the  slaty  cleavage  and  is  also  of  economic  importance. 
Some  of  the  slates  that  have  rough  uneven  surface  and 
are  vari-colored  are  desired  for  their  decorative  qualities. 


The  most  undesirable  impurity  in  slate  is  calcium 
which  generally  is  present  as  the  carbonate.  Sulfur 
fumes  acting  on  calcium  carbonate  form  calcium  sul- 
fate (gypsum)  which  expands  during  crystallization 
and  causes  the  slate  to  split  or  crack.  Iron  sulfides  oxi- 
dize to  form  spots  and  stains.  Nodules  of  silica  are 
present  in  some  slates  and  cause  difficulty  in  working. 
The  principal  uses  of  dimension  slate  are  for  roofing, 
blackboards,  school  slates,  electrical  panels  and  struc- 
tural products.  Slate  also  is  crushed  to  produce  roofing 
granules  as  described  in  the  crushed  stone  section  of  this 
volume.  Slates  suitable  for  blackboards  and  bulletin 
boards  must  be  soft  and  of  uniform  color  and  texture. 
For  structural  products,  such  as  floor  tile,  hearths, 
flagging,  and  window  sills,  the  slate  should  be  soft,  even- 
grained  and  preferably  not  highly  fissile.  Electrical  slate 
shoiild  be  low  in  magnetite,  carbon  and  other  low- 
resistance  minerals,  and  able  to  be  cut  and  drilled  with- 
out scaling  (Bowles,  1939,  p.  236). 

Approximately  $700,000  worth  of  .slate  dimension 
stone  has  been  produced  in  California  (Averill  et  al., 
1948,  p.  92),  since  it  was  first  produced  in  1889.  Peak 
years  were  in  1903  and  1906  when  approximately  one 
million  square  feet  a  year  were  produced.  The  output 
held  firm  through  1910,  but  since  has  been  erratic. 

Most  of  the  slate  production  in  California  has  been 
obtained  from  the  Jurassic  Mariposa  formation  which  is 
exposed  in  the  western  foothill  belt  of  the  Sierra  Nevada 
in  Mariposa,  Tuolumne,  Calaveras,  Amador,  El  Dorado, 
and  Placer  Counties.  The  Mariposa  formation  originally 
consisted  of  shales  with  minor  amounts  of  interbedded 
sandstones  and  conglomerate.  Near  the  close  of  the 
Jurassic  period,  the  formation  was  folded  and  locally 
intruded  by  granitic  rocks,  and  the  shaly  material  re- 
crystallized  into  slates  and  phyllites.  The  productive 
slate  quarries  in  California  are  in  a  slate-bearing  belt 
that  trends  northwest  from  Calaveras  to  El  Dorado 
County  for  approximately  65  miles,  and  ranges  from 
1  to  3  miles  in  width.  The  schistosity  strikes  northwest- 
ward and  dips  steeply  to  the  northeast,  irrespective  of 
the  attitude  of  the  original  bedding. 

The  Placerville  district  in  El  Dorado  County  was  the 
most  extensively  and  continuously  worked  source  of  slate 
in  the  state.  Mining  of  slate  at  this  locality  began  in 
1891  or  earlier  (Aubury,  1906,  p.  150).  Seven  qiiarries 
operated  between  the  settlements  of  Placerville  and 
Kelsey.  The  most  productive  was  that  of  the  Eureka 
Slate  Company  whose  quarry  extended  to  both  sides  of 
a  small  canyon  where  the  slate  is  a  blue-black  color  and 
weathers  brown  to  greenish-gray.  The  quarry  face  was 
200  feet  long  and  70  to  200  feet  high.  Blocks  were 
loosened  by  drilling  and  wedging  and  removed  by  cable- 
hoists.  They  were  then  split  by  hand  into  roofing  slabs. 
The  oldest  quarry  in  the  district,  the  Chili  Bar  Mine, 
operated  until  1897.  In  1928,  the  Pacific  Minerals  Com- 
pany installed  a  mill  on  this  property  and  has  been  pro- 
ducing roofing  granules  and  dust  filler  until  the  present 
time  (1956).  This  operation  and  roofing  granules  in  gen- 
eral are  discussed  in  the  section  on  crushed  stone. 

In  Placer,  Calaveras,  Tuolumne  and  El  Dorado  and 
Mariposa  Counties,  slate  for  building  veneer  and  flag- 
ging was  produced  sporadically  from  1937  to  1940  and 
from  1945  to  1946.  Of  these  operations,  the  only  one  that 
was  active  in  1956,  was  a  small  quarry,  the  Agua  Fria, 
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Figure  8.  Agua  Fria  slate  quarry  near  Mariposa,  Mariposa 
County.  Slate  flagging  is  stocljpiled  in  the  foreground.  The  slates 
split  along  the  plane  of  schistosity. 

in  Mariposa  County.  Here  two  men,  using  hand  quarry- 
ing methods,  were  intermittently  removing  a  small  ton- 
nage of  slate  suitable  for  use  as  flagging. 

Basalt  and  Related  Rock  Types 

In  commercial  usage  and  in  the  discussion  to  follow 
the  term  "basalt"  is  applied  to  any  of  the  dense,  fine- 
grained, dark-gray  or  black  volcanic  rocks  including 
some  that  geologists  refer  to  under  the  more  specific 
names  of  dacite,  andesite,  latite,  and  trachyte  as  well  as 
basalt  in  the  strict  sense.  All  of  them  have  similar  phys- 
ical properties.  The  light-colored  volcanic  rocks  are  dis- 
cussed below  with  the  miscellaneous  group. 

Basalts  suitable  for  dimension  stone  are  hard,  tough, 
even  grained  and  dense.  They  generally  have  a  well  de- 
fined rift  and  grain  and  can  be  split  easily  without  frac- 
turing into  large  blocks.  Basalt  is  most  valued  for  its 
ability  to  resist  shock  and  abrasion,  a  property  that  led 
to  an  early  and  extensive  use  of  basalt  for  paving  block. 
Basalt  paving  blocks  are  still  preferred  in  certain  indus- 
trial and  warehouse  areas  subject  to  heavy  traffic.  They 
also  are  used  locally  between  streetcar  tracks,  because 
they  can  be  taken  out  and  easily  replaced  during  repair 
work.  The  predominant  use  of  basalt  is  as  crushed  stone 
(see  crushed  stone  section). 

In  California,  basalt  has  been  quarried  for  both  pav- 
ing block  and  building  stone,  and  an  estimated  3  million 
dollars  worth  of  basalt  paving  block  has  been  produced 
(Averill  et  al.,  1948,  p.  98)  Basalts  and  related  rocks  are 
extensively  exposed  in  many  localities  in  the  state.  Ter- 
tiary and  Quaternary  basaltic  rocks  are  exposed  for  hun- 
dreds of  square  miles  in  the  Modoc  Plateau  in  the  Sierra 
Nevada,  Mojave  Desert,  Coast  Ranges  and  Peninsular 
Ranges  provinces  (see  crushed  stone  section). 

Past  production  of  basalt  centered  about  a  score  of 
operations  in  the  counties  immediately  north  of  San 
Francisco — Marin,  Sonoma,  Napa,  and  Solano.  Most  of 
these  lie  near  the  settlements  of  Napa,  Petaluma,  Cor- 
delia, Novato,  Kenwood,  Santa  Rosa,  Sonoma  and  St. 
Helena.  The  basalts  occur  as  interbedded  flows  in  the 


Pliocene  Sonoma  volcanics  which  are  exposed  over  a  350 
square  mile  area. 

The  periods  of  peak  production  years  were  1887  to 
1891  and  1906  to  1913.  More  than  50  individual  quarries 
were  active  from  1864  to  1913.  Many  of  the  quarries  were 
located  so  that  the  cut  block  could  be  barged  to  the  San 
Francisco  Bay  area.  The  quarries  were  small  and  ordi- 
narily employed  only  a  few  men.  Sonoma  County,  the 
principal  source,  supplied  the  most  blocks  for  the  streets 
in  the  cities  of  the  state.  The  demand  for  smoother  pave- 
ment caused  a  slump  in  the  paving  block  business,  and 
by  1913  virtually  all  the  quarries  were  inactive.  Many 
of  the  quarries  were  subsequently  reactivated  to  pro- 
duce crushed  rock  and  some  are  still  active  in  that  ca- 
pacity (see  crushed  stone  section). 

Miscellaneous  Stone 

Embraced  in  the  general  designation  of  ' '  miscellaneous 
stone"  is  a  wide  variety  of  rocks,  other  than  those  al- 
ready discussed,  that  commonly  are  attractive  enough  to 
be  used  as  dimension  stone.  These  include  light-colored 
volcanic  rocks,  mica  schist,  and  siliceous  limy  shale.  The 
important  characteristics  of  these  rocks  are  color,  natural 
appearance,  durability  and  workability.  The  colors  ordi- 
narily are  pleasing  shades  of  off-white,  yellow,  cream, 
buff,  and  pink.  The  stone  should  be  easily  quarried,  soft 
enough  to  split  by  hand  or  by  a  block-splitting  machine, 
yet  durable  enough  to  withstand  weathering.  Most  of  the 
rocks  in  this  group  occur  as  layered  rocks  with  natural 
partings  along  bedding  planes  or  along  planes  of  schis- 
tosity. 

Many  of  the  light-colored  volcanic  rocks  have  buff,  red, 
and  purple  bands  or  pseudo-concentric  patterns  which 
have  an  eye-catching  appearance.  In  general  they  are 
comparatively  soft,  and  are  easily  quarried  and  sawed  or 
split. 

The  mica  schists  ordinarily  split  along  the  planes  of 
schistosity  and  show  shiny  lustrous  surfaces  produced  by 
the  dimensional  alignment  of  the  micaceous  minerals. 
Such  surfaces  commonly  are  stained  by  iron-oxides  which 
give  the  stone  a  rustic,  weathered  appearance. 

At  many  places  in  California  siliceous  limy  shales  crop 
out  in  gently  dipping,  thin  beds  that  split  readily  along 
the  bedding  plane  and  hence  can  be  easily  quarried.  This 
stone  can  be  worked  by  hand  or  by  block  splitting  ma- 
chines. The  calcareous  types  are  uniform  in  texture  and 
color,  in  shades  of  light  brown,  gray  and  cream.  The 
more  siliceous  types  are  thinly  laminated  and  split 
crudely  to  present  a  rough  exterior  surface. 

Quartzites  used  for  dimension  stone  differ  radically 
from  the  stones  previously  described.  Quartzite  is  a  hard, 
tough,  dense  rock  that  is  difficult  to  quarry,  requiring 
blasting.  The  stone  is  ordinarily  shaped  entirely  by  hand 
as  there  is  generally  only  one  parting  surface,  a  joint 
plane.  However,  the  stone  has  a  pleasant  non-uniform 
appearance  because  of  pale  red  and  pink  iron  oxide  stains 
on  the  quartz  grains. 

In  California,  the  principal  uses  of  these  miscellaneous 
stones  are  as  building  stone  (ashlar,  rough  block,  and 
rubble)  and  as  flagging.  The  Pelona  micarschist  in  Los 
Angeles  County,  and  Monterey  silicious  shale  near  Car- 
mel  in  Monterey  County  were  quarried  as  early  as  1927. 
These  and  other  operations  were  active  intermittently  on 
a  minor  scale  until  about  1950,  when  the  building  boom 
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created  a  new  demand  for  stone.  By  1955,  the  value  of 
the  annual  production  of  miscellaneous  dimension  stone 
in  California  had  increased  to  approximately  $440,000. 
The  bulk  of  production  has  been  from  the  sedimentary 
rocks  of  the  Monterey  formation  and  from  the  Pelona 
schist. 

Monterey  "Shale."  Fine-grained  siliceous  limy  sedi- 
ments of  the  Miocene  Monterey  formation  crop  out  in  the 
southern  Coast  Ranges,  the  Transverse  Ranges,  and  the 
Peninsular  Ranges.  The  rocks  are  thinly  bedded,  dip  at 
low  angles  in  many  places,  and  range  from  off-gray  to 
buff-brown  in  color.  In  1955,  dimension  stone  valued  at 
over  $375,000  was  produced  from  this  formation. 

In  1956,  the  most  productive  building  stone  operation 
in  California  was  at  the  site  of  a  former  diatomaceous 
earth  operation  of  the  Great  Lakes  Carbon  Corporation 
in  the  Palos  Verdes  Hills  of  Los  Angeles.  The  Palos 
Verdes  Stone  Division  of  this  company  has  directed 
activities  on  their  1000-acre  holdings  since  1953  when 
the  building  stone  production  began.  The  stone  is  a  hard, 
siliceous,  stratified  nmdstone,  pale-gray  to  nearly  white 
in  color,  that  splits  easily  along  the  bedding  plane.  The 
strata,  which  dip  genth'  and  crop  out  on  the  crests  of 
low  rolling  hills,  are  bulldozed  to  depths  of  4  feet  and 
piled  in  windrows.  Laborers  using  sledges  split  the  larger 
boulders  into  irregular  blocks  approximately  3x4x6 
inches.  No  splitting  machines  are  used.  About  100  tons 
of  stone  each  day  is  hauled  from  the  field  into  a  quarry 
yard  where  it  is  picked  up  by  the  purchasers.  The  stone, 
called  ' '  Palos  Verde  Stone, ' '  is  marketed  solely  as  rubble 
and  is  used  extensively  throughout  California  for  walls, 
building  fronts,  fireplaces,  swimming  pools  and  patios. 
Shipments  also  have  been  made  to  the  eastern  states. 

In  Tepesquet  Canyon  east  of  Santa  Maria  in  Santa 
Barbara  County,  a  light-buff  to  cream,  thinly  bedded 
limy  siltstone  member  of  the  Monterey  formation  has 
been  quarried  since  1939.  The  beds  dip  at  about  35°  in 
this  quarry  and  six  separate  layers  are  worked.  Fork 


lifts  and  crowbars  are  used  to  wedge  out  the  slabs  of 
stone.  The  slabs  are  trucked  to  the  floor  of  the  quarry 
where  they  are  first  trimmed  by  hand,  split  by  two 
guillotine-type  machines,  and  stacked  on  pallets.  This 
rock  is  quarried  by  G.  Antolini  and  Sons  of  Santa  Bar- 
bara and  is  sold  under  the  trade  name  of  "Santa  Maria 
Stone."  It  is  marketed  throughout  California  by  author- 
ized stone  dealers.  The  capacity  of  the  operation  is  about 
400  tons  a  month  of  cut  block.  The  stone  is  used  as  ashlar 
for  interior  and  exterior  building  purposes. 

A  buff-colored  siliceous  shaly  limestone  has  been 
quarried  since  1927  near  Carmel  in  Monterey  County  by 
A.  L.  Passadori.  Four  thin  layers,  6  to  12  inches  thick, 
are  worked  and  four  types  of  rock  produced  for  use  as 
flagging,  rough  block,  ashlar  and  rubble.  (Galliher,  1932, 
pp.  15-41).  The  quarry  is  worked  entirely  by  hand  and 
no  cutting  machine  is  used.  Only  a  small  tonnage  of 
stone  was  being  produced  in  1956.  The  stone  has  been 
used  extensively  in  the  Monterey  Bay  area  to  veneer 
small  homes. 

Pelona  Schist.  A  dark-gray,  iron-oxide  stained 
quartz-mica  schist  of  the  pre-Cambrian  ( ?)  Pelona  schist 
series  has  been  quarried  since  1927  at  several  localities 
north  of  Saugus,  Los  Angeles  County.  The  schistosity 
plane  is  the  only  plane  of  fracturing  and  ranges  in  dip 
from  15°  to  20°  at  Del  Sur  Ridge,  45°  to  50°  in  Bouquet 
Canyon,  and  70°  to  80°  in  San  Francisquito  Canyon. 
Blasting  and  bulldozing  expose  suitable  faces  and  slabs, 
and  blocks  are  broken  out  and  split  by  hand  with  crow- 
bars, hammers,  and  chisels.  In  the  largest  quarry,  located 
on  the  top  of  Del  Sur  Ridge  between  Bouquet  and  San 
Francisquito  Canyons,  a  bulldozer  and  a  steam  shovel 
are  used  to  break  up  the  schist.  In  1956  approximately 
200  tons  a  month  were  being  produced  from  all  the 
quarries  in  the  schist.  These  are  marketed  under  the 
name  "Bouquet  Stone"  and  are  used  throughout  Cali- 
fornia for  interior  and  exterior  building  veneer  and  as 
flagging  (Gay  and  Hoffman,  1954,  p.  533). 


Figure  9.  "Palos  Verde  stone"  operation  in  Palos  Verdes  Hills, 
Los  Angeles  County.  Siliceous  mudstone  of  the  Monterey  forma- 
tion is  ripped  up  by  a  bulldozer  to  a  depth  of  4  feet  and  split  to 
size  with  sledges. 


Fku  ui;  10.  "Santa  Maria  stone"  quarry  near  Sisquoc  in  Tepes- 
quet Canyon,  Santa  IJarbara  County.  Six  different  beds  of  calcare- 
ous siltstones  of  the  Monterey  formation  are  quarried  and  split 
into  building  block. 
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Light-Colored  Volcanic  Rocks.  Rhyolite  tuff  of  the 
Miocene  Valley  Springs  formation  has  been  quarried  in 
the  foothills  of  the  Sierra  Nevada,  since  the  early  1850 's. 
This  light-colored  rock  was  quarried  for  buildings  in  the 
Mother  Lode  from  Dutch  Flat  to  Angels  after  disastrous 
fires  destroyed  many  gold-mining  towns  (Heizer  and 
Fenenga,  1948,  pp.  91-164).  The  earliest  quarrying  was 
centered  about  Mokelumne  Hill  in  Calaveras  County. 
The  Peirano  Quarry  at  Altaville,  Calaveras  County,  is 
still  active,  but  is  worked  only  for  roofing  granules. 

A  buff-colored  rhyolite  tuff  has  been  quarried  at  sev- 
eral localities  near  Placerville,  El  Dorado  County,  since 
1948.  The  rock,  a  massive  vitric  crystal  rhyolite  tuff,  in 
places  as  thick  as  400  feet,  is  extensively  exposed  in  this 
area.  It  is  colored  light-gray  to  buff  by  various  amounts 
of  limonite  commonly  in  pseudo-concentric  patterns.  The 
principal  operation  is  the  Sierra  Placerite  quarry  which 
is  100  feet  long,  50  feet  wide  and  15  feet  high.  The  rock 
is  drilled  and  blasted  and  hauled  to  a  plant  nearby  for 
cutting.  The  pieces  are  sawed  on  circular  tungsten  car- 
bide saws  and  then  split  with  a  hydraulic  cutting  ma- 
chine. Some  of  the  sawed  stone  is  fired  in  kilns  to 
heighten  a  color  effect.  The  buff  colors  change  to  various 
shades  of  pink  and  red.  Both  stones  are  sold  fired  and 
unfired  under  the  name  "Sierra  Placerite."  The  ca- 
pacity of  this  operation  is  an  estimated  100  tons  of  stone 
a  month.  "Sierra  Placerite"  is  used  predominantly  in 
the  San  Francisco  Bay  area  as  ashlar  in  interior  and 
exterior  building  fronts  and  fireplaces  (Clark,  1956). 

Banded,  light-gray  and  purple  flow  rocks  of  the  Ter- 
tiary Sonoma  volcanics  have  been  quarried  at  several 
localities  near  Glen  Ellen  in  Sonoma  County  since  1928. 
The  rock  is  a  banded  riebeckite  rhyolite  that  splits  read- 
ily along  well-defined  and  closely  spaced  parting  planes 
which  are  usually  stained  with  brown  limonite.  The 
layers  are  generally  nearly  horizontal  and  are  worked 
by  benching.  The  stone  is  split  by  hand  for  flagging 
and  in  some  quarries  splitting  machines  are  used  to  ob- 
tain blocks.  The  so-called  "Sonoma  Stone"  has  been 
used  throughout  California  as  ashlar  and  flagging.  Four 
quarries  were  active  in  mid-1956,  but  on  a  small  scale. 

Quartzite.  A  red,  iron-oxide  stained  quartzite  is 
being  quarried,  in  small  tonnages,  at  Suncrest,  San  Diego 
County.  The  rock,  massive  with  steeply  dipping  joint 
planes,  occurs  in  a  pendant  of  pre-Cretaceous  meta- 
morphie  rock  in  granitic  rock.  Blocks  are  blasted  with 
dynamite,  pried  loose,  and  split  with  plugs  and  feathers. 
The  stone  is  sold  as  rubble  for  facing  in  the  San  Diego 
area,  and  is  named  "Red  Rose  Quartzite."  Three  men 
are  employed  at  the  quarry. 

Field  stone  or  Garden  Rock.  Every  stone  yard  in 
California  has  stock  piles  of  materials  often  termed 
"garden  rock,"  which  have  been  obtained  locally.  These 
are  known  as  "field  stones"  and  consist  of  rock  that  is 
picked  up  off  the  ground  without  any  quarrying  or  other 
treatment.  These  rocks  do  not  technically  classify  as 
dimension  stone,  although  they  are  used  for  many  build- 
ing purposes.  The  amount  of  field  stone  sold  in  Califor- 
nia is  difficult  to  estimate.  Among  the  many  rocks  thus 
used  are  moss-covered  boulders  of  basalts,  deeply  weath- 
ered silica-carbonate  rock,  glaucophane  schist,  "burnt" 
shale,  mariposite,  limestone,  lichen-covered  serpentine, 
and  ■woUastonite. 


Figure  11.  Single  strand,  high  carbon  steel  wire  saw  starting 
to  cut  a  block  of  granite.  Carborundum  used  as  abrasive  is  fed  with 
water  through  a  funnel.  Cutting  rate  is.  from  6  inches  to  12  inches 
an  hour. 


One  of  the  more  productive  field  stone  operations  in 
California  is  on  the  southwest  slope  of  the  Big  Maria 
Mountains  about  20  miles  north  of  Blythe,  Riverside 
County.  Here,  erosional  fragments  of  gray  and  dark 
brown  woUastonite,  a  calcium  silicate  mineral,  have  been 
gathered  by  the  Melvin  L.  Jontz  Company  of  Los  An- 
geles. The  woUastonite  occurs  as  fine-grained  bodies  in 
crystalline  limestone  of  the  Maria  formation  of  probably 
Paleozoic  age.  The  loose,  weathered  pieces  of  rock  are 
picked  up  in  the  field,  loaded  on  a  sled-like  "boat"  at- 
tached to  a  cable  and  dragged  to  a  truck  for  loading. 
The  woUastonite  is  marketed  under  the  name  "Drift- 
wood" and  is  used  as  ornamental  garden  rock  and  for 
building  exterior  and  interior  walls  and  fireplaces.  Al- 


FiouKE  12.  Gang  saw  cutting  block  of  "black  granite."  Steel 
shot  used  as  abrasive  is  fed  with  water  through  hoses  to  the  soft 
steel  cutting  blades.  The  width  and  number  of  cuts  can  be  varied. 
Cutting  rate  is  about  li  inches  an  hour  in  this  type  of  granite. 
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though  sold  principally  in  the  Los  Angeles  area,  this 
rock  has  been  shipped  as  far  north  as  Seattle,  Washing- 
ton, and  as  far  east  as  Milwaukee,  Wisconsin.  The  ca- 
pacity of  this  operation  is  about  400  tons  a  month. 

QUARRY   METHODS 

Quarrying  practices  vary  in  accordance  with  the  de- 
gree of  induration  of  the  rock,  presence  of  directions  of 
easy  splitting  and  the  manner  in  which  the  rock  crops 
out.  The  harder  rock  types  such  as  granite  must  be 
drilled  and  blasted.  Granite  is  quarried  from  massive 
exposures  by  drilling  with  pneumatic  drills  attached  to 
hollow  drill  steel  and  detachable  tungsten  carbide  bits 
and  by  blasting  with  small  charges  of  black  powder  along 
the  grain  and  the  run.  The  stone  is  split  along  the  rift  by 
drilling  shallow  holes  and  driving  wedges  or  ' '  plugs  and 
feathers"  in  the  holes.  "Feathers"  are  strips  of  iron 
that  are  flat  on  one  side  and  curved  on  the  other.  Two 
feathers  are  inserted,  flat  sides  together,  in  a  drill  hole 
and  the  plug,  which  is  a  steel  wedge  about  6"  long,  is 
driven  between  them.  The  plugs  are  then  sledged  lightly 
in  succession  until  a  fracture  appears. 

In  some  deep  quarries  the  granite  is  channeled  by 
drilling  closely  spaced  rows  of  holes  and  broaching  or 
cutting  out  the  narrow  webs  or  cores  between  them.  This 
method  is  used  in  preference  to  blasting  because,  al- 
though slower  and  more  costly,  it  gives  a  straight  surface 
and  does  not  cause  shattering.  It  is  most  advantageous 
for  making  cuts  in  the  plane  of  the  "hard  way." 

Granite  boulders  are  worked  either  in  the  quarry  face 
or  rolled  to  the  quarry  floor.  The  boulders  are  split  by 
drilling  a  hole  to  the  center  and  blasting  with  a  light 
charge  of  black  powder.  The  blocks  are  then  split  by 
wedges,  plugs  and  feathers. 

The  large  qiiarried  blocks  are  cut  by  wire  or  gang 
saws.  Wire  saws  are  endless  belts  of  1-  to  3-stranded  high 
carbon  steel  cable  that  are  used  to  make  secondary  cuts 
but  in  one  quarry  will  be  used  to  make  primary  cuts. 
The  wire,  fed  by  a  mixture  of  carborundum  and  water, 
cuts  by  abrasion.  Single  strand  wire  is  ^V'  in  diameter 
and  is  twisted  every  50  feet  in  a  reverse  direction.  A 
small  wire  saw  can  cut  a  3-  by  5-foot  block  of  granite 
at  the  rate  of  10  to  12  inches  an  hour,  after  which  the 
wire  must  be  replaced.  Most  wire  saws  make  only  one 
cut  at  a  time,  although  the  Escondido  Granite  Company, 
Escondido,  in  early  1956,  was  using  a  saw  that  had  four 
wires  and  made  four  simultaneous  cuts  at  a  reported  rate 
of  1  foot  an  hour. 

A  gang  saw  is  composed  of  a  number  of  soft  steel 
blades  i  to  f  inches  thick  set  in  a  frame.  The  blades  are 
notched  about  a  foot  apart  in  the  lower  edge  to  carry 
steel-shot  abrasive  beneath  them.  Blocks  of  any  width 
may  be  obtained  by  ad.iusting  the  spaces  between  the 
blades.  The  rate  of  cutting  is  about  3  inches  an  hour. 

Further  cutting  of  the  block  is  done  by  circular  dia- 
mond saws.  The  surface  of  the  cut  stone  is  finished  by 
using  a  horizontal  circular  wheel,  first  by  grinding  with 
silicon  carbide,  followed  by  polishing  with  aluminum 
oxide,  and  buffing  with  putty  powder  (tin  oxide)  (see 
fig.  14).  Lettering  on  memorial  stones  is  now  done  almost 
exclusively  by  sandblast  technique  although  hand  carv- 
ing is  still  practiced.  Previous  to  sand  blasting,  the  pol- 
ished stone  is  covered  by  a  thin  template  made  of  a 
rubberized  compound  or  paper  masking  tape  on  which 


Figure  13 


Block  of  "black  griiniie 
with  a  gang  saw. 


lliaL  lias  brt'll  cut 


the  letters  have  been  outlined.  The  stone  is  then  placed 
in  a  closed  chamber  and  a  stream  of  powdered  carborun- 
dum under  pressures  of  80-100  psi.,  is  directed  against 
the  design  for  a  few  minutes.  The  exposed  hard  granite 
is  quickly  cut  away  while  the  abrasive  has  little  or  no 
effect  on  the  template. 

Softer  rock  types  such  as  marble  and  sandstone  are 
quarried  by  drilling  and  blasting  or  by  the  use  of  chan- 
nel machines.  These  machines  make  primary  cuts,  ap- 
proximately 4  feet  apart,  by  means  of  the  chopping 
action  of  3  to  5  steel  bars.  Channel  machines  are  more 
adaptable  to  essentially  level  quarries  as  they  are 
mounted  on  frames  that  travel  on  tracks.  After  the 
channeling  cuts  are  made,  blocks  are  wedged  loose  with 
plug  and  feather  or  cut  with  wire  saws.  Slate  is  loosened 


Figure  14.  Machine  used  to  grind  and  polish  granite.  Rough 
blocks  are  imbedded  in  plaster  of  paris.  As  the  horizontal  head 
revolves,  it  is  moved  back  and  forth  over  the  blocks.  The  first 
grinding  is  done  with  carborundum,  polishing  with  aluminum  oxide, 
and  buffing  with  tin  oxide. 
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PRINCIPAL    SOURCES    OF     DIMENSION     STONE    IN    CALIFORNIA 
■     ACTIVE    IN    1956  ^         INACTIVE 
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Figure  15.     Map  showing  principal  sources  of  dimension  stone  in  California. 
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by  hand   with  pry   bars  and   sledges,   by  drilling   and 
wedging,  or  by  the  use  of  wire  saws. 

The  thinly  bedded  miscellaneous  types  such  as  schists, 
layered  volcanic  rocks,  siliceous  shales  are  removed  by 
using  pry  bars  or  fork-lift  trucks  after  small  charges  of 
black  powder  have  loosened  the  rock.  These  stones  are 
further  split  by  hand,  circular  saw  or  block-splitting  ma- 
chine. This  machine  is  a  mechanically  operated  guillo- 
tine-tj'pe  cutter  which  operates  under  hydraulic  pres- 
sure. 

MARKETS  AND   PRICES 

As  stone  is  a  heavy  product,  weighing  160  to  170 
pounds  per  cubic  foot,  transportation  expense  commonly 
constitutes  a  very  large  fraction  of  the  delivered  cost. 
Typical  railroad  rates  for  crude  granite  block  are  as 
follows:  Daulton  (the  nearest  railhead  to  Raymond)  to 
San  Francisco — $130  per  30  ton  carload ;  Daulton  to  Los 
Angeles — $204  per  30  ton  carload;  Daulton  to  Sacra- 
mento— $119  per  30  ton  carload;  Escondido  to  Los  An- 
geles— $84  per  20  ton  carload;  Escondido  to  San  Fran- 
cisco— $176  per  20  ton  carload.  Typical  truck  rates  are 
as  follows:  Raymond  to  nearest  railhead  (21  miles) — $32 
per  18  ton  carload;  Raymond  to  San  Francisco — $106 
per  18  ton  carload;  Raymond  to  Sacramento — $92  per 
18  ton  carload.  Nevertheless,  California  dimension  stone 
is  shipped  long  distances  to  satisfy  demand  for  certain 
textures  and  colors.  Two-thirds  of  the  monumental  stone 
produced  in  California  is  shipped  out  of  state,  much  of 
it  on  an  exchange  basis  for  eastern  stone.  Monuments  are 
trucked  to  Washington  and  Oregon  and  shipped  by  rail 
as  far  as  Texas  and  Minnesota. 

The  crude  blocks  of  dimension  stone  that  are  quarried 
for  monuments  are  sold  to  finishing  plants  or  are  partly 
finished  by  the  quarry  owners  who  sell  either  to  other 
finishing  yards  or  directly  to  the  small  local  stone  yards. 
The  monumental  stone  market  is  virtually  limited  to 
stone  from  specific  localities  that  has  become  widely 
known  and  used.  Therefore,  it  is  difficult  if  not  impos- 
sible to  open  a  monumental  stone  quarry  and  put  a  new 
stone  on  the  market.  Even  the  reopening  of  a  quarry  that 
has  been  idle  for  just  a  few  years  is  very  difficult. 

In  1955,  the  value  of  rough  granite  block  for  use  as 
monumental  stone  in  California  was  $4.25-  per  cubic  foot 
f .o.b.  the  quarry  in  California.  Dressed  monumental  stone 
was  valued  at  $8.50  per  cubic  foot.  The  market  for  build- 
ing stone  depends  primarily  upon  the  desires  of  archi- 
tects and  builders  who  recommend  or  specify  certain 
types  of  stone  for  specific  jobs.  The  popular  demand  is 
for  special  types  of  pink,  red,  or  black  granite  and  yel- 
low, red,  veined  or  brecciated  marble  that  are  not  pro- 
duced in  California.  Granites  are  shipped  in  from  Geor- 
gia, Vermont  and  Minnesota  along  with  tliose  imported 
from  Finland,  Sweden  and  Canada.  Marbles  are  im- 
ported from  Italy,  Spain,  France,  Belgium,  Portugal, 
and  England.  Onyx  marble  is  imported  from  Mexico. 
Cut  slabs  of  Tennessee  and  Vermont  marble  are  shipped 
in  by  rail  to  be  finished  by  company-owned  plants  in 
California. 

The  imported  marbles  and  granites  are  finished  and 
sold  by  plants  in  the  Los  Angeles  and  San  Francisco 
areas  that  primarily  fabricate  marble.  The  California 
granite  that  is  used  as  facing  on  buildings  is  obtained 


from  the  same  quarries  and  finishing  plants  that  supply 
block  for  monumental  stone. 

Crude  blocks  of  imported  dimension  stone,  some  used 
as  ship  ballast,  reach  American  ports  as  cheaply  as  stone 
quarried  in  the  United  States.  Tlie  import  duty  which 
was  levied  in  1950,  is  lOtj;  (formerly  25^)  per  cubic  foot 
on  rough  granite  blocks  and  32^^  (formerly  65^)  on 
rough  marble  block.  Imported  block  sells  for  from  $5 
to  $20  per  cubic  foot  f.o.b.  San  Francisco. 

Since  1950,  natural  stone  facing  has  been  used  increas- 
ingly in  homes  and  small  commercial  buildings  in  Cali- 
fornia. This  is  particularly  true  in  southern  California 
where  competition  has  swung  contractors  to  tlie  use  of 
stone  as  a  selling  feature.  Red  and  buff  colored  sandstone 
shipped  in  from  Arizona  was  the  predominant  building 
stone  used  as  facing  in  California  until  1950.  Arizona 
stone  is  gradually  being  replaced  by  native  California 
stone  which  is  not  as  uniform  in  texture  or  as  neat  ap- 
pearing. This  is  because  of  public  demand  for  rock  types 
that  give  a  rustic  or  natural  appearance.  In  northern 
California,  more  stone  is  gradually  being  used,  partic- 
ularly in  new  developments  such  as  the  shopping  centers 
at  Stonestown  in  San  Francisco,  and  Hillsdale  in  San 
Mateo.  The  proportion  of  California  stone  to  Arizona 
stone  has  risen  in  northern  California  from  10  percent  to 
30  percent.  In  southern  California  about  equal  propor- 
tions of  Arizona  and  native  stone  are  being  used  (1956). 

A  factor  of  great  importance  in  the  promotion  of  stone 
for  veneer  is  the  difficulty  with  which  the  stone  can  be 
laid  up.  Crude  stone  with  its  irregular  shape  and  only  one 
smooth  surface,  is  hard  for  the  ordinary  brickmason  to 
lay.  In  southern  California  stonemasons  have  become 
accustomed  to  working  stone  and,  in  fact,  may  prefer 
stone  to  brick.  In  the  rest  of  the  state  many  brickmasons 
are  reluctant  to  attempt  a  job  with  stone. 

Informal  building  stone  (ashlar,  rubble  and  rough 
block)  is  sold  to  wholesale  stone  dealers,  or  at  the  quarry 
to  owners  of  local  stone  yards  and  building  contractors. 
The  price  of  this  type  of  stone  ranges  from  $22  to  $28  a 
ton  f.o.b.  the  quarry.  An  estimated  3,000  tons  a  month 
of  informal  building  stone  are  used  in  California. 

The  problem  of  assuring  a  steady  supply  of  the  same 
quality  stone  faces  all  building  stone  producers.  An 
architect  or  building  contractor  hesitates  to  contract  the 
use  of  a  stone  where  there  is  any  question  of  change  in 
color,  texture,  or  hardness  in  future  shipments  of  the 
stone.  Many  small  quarries  are  opened  in  acceptable  stone 
and  yet  are  not  successful  because  delivery  of  specific 
tonnages  cannot  be  assured.  This  means  that,  in  order  to 
sell  a  new  stone  to  an  architect,  enough  material  must 
be  quarried  and  stockpiled  beforehand,  making  this  type 
of  venture  essentially  a  gamble  in  capital  investment. 
Developing  a  marble  building  stone  deposit  in  California 
would  depend  upon  many  factors,  especially  the  (1)  ac- 
ceptance by  local  architects  in  preference  to  such  well- 
known  stones  such  as  Italian  and  Vermont  marble,  and 
(2)  the  delivery  of  blocks  at  a  price  competitive  with 
foreign  or  eastern  imports.  Aside  from  transportation, 
the  biggest  cost  item  and  the  most  decisive  is  the  labor 
cost  of  quarrying.  In  1956  the  prevailing  wage  scale  for 
a  stone  worker  was  $23.80  a  day.  The  necesitates  efficient 
large-scale  quarrying  and  use  of  the  most  modern  labor- 
saving  equipment.  A  moderate-scale  operation  probably 
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would  require  an  initial  expenditure  of  approximately 
$100,000. 

The  outlook  for  expansion  of  the  dimension  stone  in- 
dustries is  fair.  The  market  for  monumental  stone  has 
been  growing  and  the  merits  of  using  natural  building 
stone  are  being  increasingly  recognized  by  architects, 
builders  and  the  general  public.  The  new  use  for  granite 
as  surface  plates  will  help  production  a  little. 
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STRONTIUM  MINERALS 

By  William  E.  Ver  Planck 


Although  California's  strontium  reserves  are  among 
the  largest  in  the  United  States,  distance  from  the  prin- 
cipal markets,  which  are  in  the  eastern  United  States, 
and  comparatively  low  grade  generally  have  made  them 
uneconomical  to  mine  in  normal  times.  Strontium  min- 
erals were  mined  in  California  from  1916-18  and  again 
from  1939-46  when  imports  were  restricted  and  the  de- 
mand was  unusually  great.  Beginning  in  1952,  small 
quantities  were  again  being  produced  for  local  use. 
All  of  the  strontium  minerals  produced  in  California 
have  come  from  three  localities:  the  Fish  Creek  Moun- 
tains deposit  in  San  Diego  County;  deposits  on  the 
south  slope  of  the  Cady  Mountains,  San  Bernardino 
County;  and  deposits  in  the  Mud  (Strontianite)  Hills 
10  miles  northeast  of  Barstow.  Additional  reserves  exist 
in  the  northern  foothills  of  the  Avawatz  Mountains  and 
in  Bristol  Lake,  San  Bernardino  County. 

Deposits  of  strontium  minerals  occur  also  in  Arizona, 
Ohio,  Texas,  Utah,  and  Washington.  Imports  to  the 
United  States,  which  are  in  the  range  of  5,000  to  10,000 
tons  per  year,  have  come  principally  from  England  and 
Mexico  in  recent  years. 

Mineralogy  and  Geologic  Occurrence.  Celestite 
(SrS04)  and  strontianite  (SrCOs)  are  the  only  stron- 
tium-bearing minerals  that  have  been  mined  in  Cali- 
fornia. Celestite,  which  is  much  the  more  common,  forms 
concretions  and  beds  in  sedimentary  rocks.  The  deposits 
in  California  are  associated  with  gypsum  or  lake  sedi- 
ments, but  in  other  areas  celestite  is  found  also  in  other 
types  of  rock,  especially  limestone.  Much  more  rarely 
celestite  occurs  in  hydrothermal  veins.  Deposits  of  stron- 
tianite are  rare,  not  only  in  California  but  throughout 
the  world.  In  California,  strontianite  deposits  of  possible 
commercial  value  occur  as  nodules  and  concretions  in 
shaly  tuff. 

Strontium  Resources.  Most  of  the  strontium  minerals 
mined  in  the  United  States  have  come  from  Texas.  Celes- 
tite occurs  in  two  localities:  near  Brownwood,  Brown 
County,  and  near  Sweetwater,  Nolan  County.  In  both 
localities  the  celestite  is  a  replacement  of  carbonate 
rocks.  Keserves,  most  of  which  are  in  Brown  County, 
have  been  estimated  to  be  271,000  tons  of  celestite  rock 
of  an  average  grade  of  73  percent  SrS04  (Fine  and 
O'Meara,  1944). 

The  largest  source  of  the  strontium  minerals  used  in 
the  United  States  is  near  Yate,  Gloucestershire,  Great 
Britain.  The  total  production  from  this  area  is  about 
400,000  tons.  Celestite  occurs  as  irregular  masses  and 
lenticular  bodies  associated  with  the  Triassic  Keuper 
marl.  The  celestite  bodies  are  located  by  probing  with  a 
boring  tool  and  mined  by  excavating  pits  up  to  20  feet 
square  and  15  to  20  feet  deep  (Harness,  1942,  pp.  3,  4). 
The  celestite  is  then  washed,  broken  into  lumps,  and 
shipped.  Typical  material  shipped  contains  more  than  95 
percent  SrS04. 

Since  about  1943,  a  signiticant  portion  of  the  celestite 
used  in  the  United  States  has  come  from  Mexico.  During 
World  War  II,  E.  I.  du  Pont  de  Nemours  &  Company 
obtained  some  high-grade  celestite  from  near  Bermejillo, 


Durango,  where  narrow  celestite  veins  occur  in  lime- 
stone. The  du  Pont  Company  owns  celestite  deposits  at 
El  Tule,  northern  Coahuila,  where  celestite  associated 
with  fluorspar  forms  veins  6  feet  or  more  thick  in  lime- 
stone. Selected  samples  that  are  free  from  gangue  con- 
tain more  than  98  percent  SrS04.  Because  of  high  trans- 
portation costs,  production  has  been  negligible.  It  is 
believed,  however,  that  if  for  any  reason  the  existing 
sources  should  not  be  able  to  satisfy  the  United  States' 
demand  for  strontium  minerals,  the  El  Tule  deposits 
would  be  opened  and  could  produce  as  much  as  20,000 
tons  per  year  of  celestite  for  at  least  2  to  3  years  (Gill- 
son,  J.  L.,  1955,  personal  communication). 

Localities  in  California.  By  far  the  largest  reserves 
of  strontium  minerals  in  California  occur  in  the  foothills 
of  the  Cady  Mountains  about  8  miles  northwest  of  Lud- 
low, San  Bernardino  County.  Here  celestite  beds  crop 
out  discontinuously  along  a  west-trending  belt  that  is 
about  6300  feet  long.  The  celestite  is  interlayered  with 
thin-bedded  tuffs  and  clays  that  are  overlain  by  lime- 
stone and  underlain  by  a  thick  series  of  volcanic  rocks. 
All  of  these  rocks  are  Tertiary  in  age. 

From  10  to  30  percent  of  the  tuffs  and  clays  have  been 
replaced  by  chalcedony.  Most  of  the  celestite  is  in  the 
form  of  beds  up  to  2  feet  thick,  but  some  of  it  occurs  as 
beds  of  concretions  in  sandy  tuff  or  clay.  Celestite  beds 
up  to  an  inch  thick,  and  separated  by  impure  material, 
form  celestite-rich  units  as  much  as  10  to  12  feet  thick. 
A  maximum  of  112  feet  of  celestite  occurs  in  a  section 
410  feet  thick.  The  celestite  is  a  finely  crystalline,  light- 
colored  buff  to  greenish  rock,  most  of  which  contains  5 
to  10  percent  of  silica  and  lime.  Estimates  of  the  reserves 
vary  widely.  Durrell  (1953,  p.  47)  placed  them  at  1|  to 
24  million  tons  of  celestite  of  81  percent  grade  to  a  depth 
of  50  feet.  J.  A.  Stephens  of  the  Excel-Mineral  Company, 
present  owner  of  the  property,  believes  that  only  100,000 
to  200,000  tons  of  celestite  could  be  profitably  recovered 
(personal  communication,  1955). 

The  Pish  Creek  Mountains  deposit,  San  Diego  County, 
is  on  an  outlying  hill  north  of  the  gypsum  deposit  of  the 
United  States  Gypsum  Company  and  less  than  half  a 
mile  west  of  the  Imperial  County  boundary.  Celestite 
forms  a  cap  up  to  8  feet  thick  on  this  hill.  The  celestite 
is  underlain  by  gypsum  which  in  turn  rests  upon  gray 
conglomerate  of  the  Miocene  Split  Mountain  formation. 
The  celestite  is  underlain  in  some  places  by  a  breccia  2 
to  5  feet  thick  composed  of  angular  blocks  of  gypsum 
and  celestite.  A  representative  sample  from  this  deposit 
contained  93.8  percent  SrS04.  Reserves  have  been  esti- 
mated to  be  more  than  10,000  tons  (Moore,  1935,  p.  369), 
but  several  thoiisand  tons  were  mined  during  World 
War  II. 

In  the  northern  foothills  of  the  Avawatz  Mountains, 
San  Bernardino  County,  celestite  occurs  in  the  salt-  ancl 
gypsum-bearing  Tertiary  lake  beds  that  are  described 
in  the  section  on  gypsum  in  this  volume.  The  celestite 
is  found  mainly  in  the  gypsiferous  member  and  is  most 
abundant  in  the  western  part  of  tlie  area.  The  celestite 
occurs  as  small  nodules  in  gypsum,  spheroidal  concre- 
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Figure  2.     Geologic  section  through  Cady  Mountains  celestite  deposit,  San  Bernardino  County. 
After  Durrell,   California   Division  of  Mines  Special  Report  32,   plate  9. 


tions  in  clastic  sediments,  and  as  lenticular  beds  in 
gypsum  and  clastic  sediments.  Beds  as  much  as  6  feet 
thick  and  several  hundred  feet  long  contain  celestite 
with  but  a  minor  proportion  of  non-celestite  material. 
Durrell  (1953,  p.  21)  estimates  the  reserves  to  be  be- 
tween 250,000  and  300,000  tons  of  celestite  rock  to  a 
depth  of  50  feet.  Much  of  it,  however,  is  in  the  form  of 
small  bodies  disseminated  in  a  large  volume  of  non- 
celestite  material.  A  2-foot  bed  in  the  western  part  of 
the  area  has  been  calculated  to  contain  12,000  tons  of 
celestite  rock  (Moore,  1935,  p.  368).  The  average  grade 
of  the  celestite  has  not  been  determined. 

Bristol  Lake,  San  Bernardino  County,  contains  celes- 
tite ;  and  an  attempt  was  made  to  recover  it  commercially 
during  World  War  II.  The  celestite  occurs  as  potato- 
shaped  concretions  in  gypsum-bearing  sandy  clays  that 
occur  along  the  margins  of  the  playa.  The  celestite  con- 
cretions are  most  abundant  on  the  south  margin  of  the 
lake  and  occur  within  3  feet  of  the  surface  (Durrell  1953, 
pp.  9-14).  Strontium  is  present  in  the  brine  of  Bristol 
Lake,*  and  the  celestite  concretions  are  forming  now. 

Ten  miles  northeast  of  Barstow,  strontianite  deposits 
occur  in  tuffaceous  clay  and  marl  of  Tertiary  age.  The 
strontianite  is  found  on  both  the  north  and  south  limbs 
of  the  Barstow  syncline.  On  the  north  limb  most  of  it 
is  contained  in  a  60-foot  thickness  of  clay,  limestone,  and 
tuff.  Strontianite  beds  up  to  1  foot  thick  are  grouped  in 
two  strontium-rich  members,  one  15  to  30  feet  thick,  the 
other  5  to  15  feet  thick.  The  percentage  of  strontianite 
rock  in  these  members  ranges  from  zero  to  23.8  percent, 
and  the  average  strontium  carbonate  content  of  the 
strontianite  rock  is  73  percent.  On  the  south  limb  a  total 
thickness  of  8.1  feet  of  strontianite  rock  interbedded  with 
green  clay  occurs  in  a  stratigraphic  thickness  of  186 
feet.  The  strontianite  on  the  south  limb  is  465  feet  higher 
stratigraphieally  than  that  on  the  north  limb.  Reserves 
of  strontianite  rock  in  the  two  areas  are  estimated  to  be 
540,000  tons  (Durrell,  1953,  pp.  33,  36). 

Celestite  nodules  also  occur  in  clay  near  Owl  Hole 
Spring,  San  Bernardino  County  (Murdoch  and  Webb, 
1940,  p.  550).  A  vein  of  celestite  was  found  in  the  Butts 
quicksilver  mine,  San  Benito  County  (Laizure,  1926). 
Crystals  of  both  celestite  and  strontianite  occur  in  the 
borate  mines  near  Barstow  and  Daggett. 

According  to  Durrell  (1953)  the  celestite  and  stron- 
tianite associated  with  lake  sediments  in  California  are 
replacements  of  the  rocks  in  which  they  occur.  The  re- 

•  Analyses  of  the  brine  of  Bristol  Lake  are  given  in  the  section  on 
calcium  chloride  in  this  bulletin. 
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placement  was  contemporaneous  with  sedimentation,  and 
the  source  of  the  strontium  was  the  connate  water  that 
permeated  the  sediments.  Other  geologists  (Moore,  1935, 
pp.  370-374,  376,  377;  Harness,  1942,  p.  7)  believe  that 
the  celestite  and  strontianite  are  chemical  precipitates 
from  solutions. 

Uses.  Most  of  the  economic  uses  of  strontium  depend 
either  on  the  fact  that  its  salts  impart  a  crimson  color 
to  a  flame  or  on  the  relatively  high  specific  gravity  of 
strontium  minerals  (celestite,  3.95-3.97;  strontianite, 
3.7).  Almost  all  the  strontium  consumed  industrially  is 
in  the  form  of  strontium  chemicals  produced  from  celes- 
tite or  strontianite.  Strontianite  is  preferred  because  the 
treatment  is  simpler  than  that  required  for  celestite,  but 
celestite  is  used  in  greater  quantity  because  it  is  more 
abundant.  At  one  United  States  plant  (Chem.  Met.  Eng., 
1946)  celestite  is  crushed,  ground  to  90  percent  minus 
325  mesh,  and  treated  with  sodium  carbonate  in  heated 
reaction  tanks.  An  impure  precipitate  of  strontium  car- 
bonate forms,  which  is  treated  to  remove  barium  and 
calcium  compounds.  Strontium  chloride,  strontium  hy- 
droxide, and  other  strontium  chemicals  are  made  from 
the  strontium  carbonate.  Small  amounts  of  ground  celes- 
tite are  used  for  purifying  caustic  soda.  Much  of  the 
celestite  produced  in  Texas  has  been  used  in  oil  well 
drilling  mud,  but  comparatively  little  celestite  from  Cali- 
fornia has  been  so  used.  At  one  time  celestite  was  com- 
petitive with  barite  for  drilling  mud  because  the  use  of 
barite  for  this  purpose  was  patented.  Celestite  lost  this 
advantage  when  the  patent  expired  in  1943. 

The  principal  use  of  strontium  chemicals  is  in  pyro- 
technics such  as  signal  and  distress  flares,  signal  rockets, 
and  fireworks.  Strontium  nitrate  is  the  strontium  chemi- 
cal usually  used.  The  following  is  a  typical  formula  for 
red  railroad  fusees  (Harness,  1942,  p.  5)  : 

Component  Percent 

Strontium  nitrate 71.1 

Potassium  perchlorate 13.1 

Sulfur   11.1 

Sawdust    4.2 

Charcoal   0.5 

Strontium  oxalate  and  strontium  peroxide  as  well  as 
strontium  nitrate  are  ingredients  of  the  red  tracer  bul- 
lets that  are  used  in  enormous  numbers  in  times  of  war. 
Minor  amounts  of  strontium  hydroxide  are  used  in  spe- 
cial greases  (Worth  and  McClennan,  1947).  Strontium 
compounds  are  used  as  medicinal  .salts  and  as  a  substi- 
tute for  barite  in  fillers  and  paints,  and  strontium  metal 
can  be  employed  in  vacuum  tubes  as  getters.   During 
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Figure  3.     Trend  in  amount  and  value  of  strontium  minerals  produced  in  California.  Points  of 
change  for  1941-46  are  average  of  2-year  periods. 


World  War  II  strontium  carbonate  was  substituted  for 
lead  carbonate  in  ceramic  glazes,  but  this  market  no 
longer  exists.  In  Europe  strontium  hydroxide  is  used 
in  the  production  of  beet  sugar,  and  strontium  carbonate 
has  been  added  to  basic  open-hearth  steel  furnaces  as  a 
desulfurizing  agent. 

Markets.  Most  of  the  strontium  chemicals  used  in  the 
United  States  are  produced  by  two  companies,  E.  I.  du 
Pont  de  Nemours  &  Company  at  Wilmington,  Delaware, 
and  the  Foote  Mineral  Company  at  Philadelphia,  Penn- 
sylvania. Both  use  imported  celestite.  In  1955,  railroad 
fusees  were  manufactured  at  a  plant  in  Santa  Clara 
County,  California,  from  strontium  nitrate  brought  into 
the  state,  but  strontium-bearing  flares  for  other  pur- 
poses were  not  produced  locally.  Two  companies  in  Cali- 
fornia, the  Pan  Chemical  Company,  Los  Angeles,  and 
Barium  Products,  Ltd.,  Modesto,  were  producing  rela- 
tively small  quantities  of  strontium  chemicals  from 
celestite  for  purposes  such  as  the  manufacture  of  grease 
and  the  refining  of  caustic  soda.  Some  of  the  celestite 
was  obtained  from  the  Pish  Creek  Mountains  deposit. 

Except  during  World  War  II,  when  specifications 
were  relaxed,  the  eastern  consumers  have  specified  celes- 
tite with  a  minimum  SrS04  content  of  95  percent  and 
low  maximum  limits  for  barium,  calcium,  and  iron. 
Prices  for  crude  strontium  minerals  are  no  longer  quoted 
in  trade  journals,  but  in  1955  the  price  of  English 
celestite  delivered  at  east  coast  ports  was  about  $30  per 
ton  (Gillson,  J.  L.,  1955,  personal  communication).  The 
nominal  price  of  ground  celestite  from  California,  f.o.b. 
Los  Angeles,  is  in  the  range  of  $40  to  $50  per  ton 
(Stephens,  J.  A.,  1955,  personal  communication). 

Under  present  conditions  strontium  minerals  from 
California  are  not  marketable  in  the  eastern  part  of  the 
United  States.  Not  only  do  high  freight  charges  to  the 
distant  markets  adversely  affect  the  value  of  the  Cali- 
fornia strontium  deposits,  but  the  cost  of  producing  a 
product  comparable  in  grade  to  imported  celestite  also 


is  high.  Most  of  the  celestite  and  strontianite  in  Califor- 
nia would  require  beneficiation.  Although  during  Worldi 
War  II  a  substantial  tonnage  of  celestite  was  shippedi 
from  the  Fish  Creek  Mountains  deposit  to  an  easterni 
chemical  plant,  the  material  required  careful  selectioni 
to  meet  even  the  relaxed,  war-time  specifications.  The 
working  of  a  large,  low-grade  deposit  such  as  that  in  the 
Cady  Mountains  would  entail  the  handling  of  a  high 
proportion  of  waste.  Moreover,  because  the  celestite  rock 
itself  is  of  comparatively  low  grade  and  contains  finely 
divided,  disseminated  impurities,  a  comparatively  com-; 
plex  beneficiation  process  would  be  required.  Durii^ 
World  War  II,  E.  I.  du  Pont  de  Nemours  &  Company- 
carried  out  dry  table  tests  on  the  Cady  Mountains  man 
terial.  Although  concentrates  containing  91-92  pereeid! 
SrS04  were  obtained,  the  recovery  was  low  (Gillsoiv 
J.  L.,  1955,  personal  communication).  The  existing  marn 
ket  is  not  large  enough  to  absorb  the  output  of  a  largen 
scale  operation,  and  therefore  the  low  unit  costs  that  ai* 
commonly  realized  through  mechanization  could  not  hp 
attained. 

History  of  Production.  Although  occurrences  of 
strontium  minerals  have  been  known  for  many  years,: 
most  of  the  large  deposits  were  found  during  the  early 
years  of  World  War  I.  Perhaps  the  earliest  discovorv 
of  a  large  deposit  was  that  in  the  Avawatz  Mountains 
during  or  prior  to  1911.  The  Barstow  deposits  were  dis 
covered  in  1915  by  Henry  Hart  and  T.  G.  Nicklin  who 
were  prospecting  for  borates.  The  Fish  Creek  Mountains 
deposit  was  located  as  a  gypsum  deposit  prior  to  1916. 
The  first  description  of  the  Cady  Mountains  deposits  isi 
that  of  Mallery  (1916)  who  stated  that  the  nature  of  thf 
deposit  had  ' '  only  recently ' '  been  realized. 

Before  World  War  I  the  principal  strontium  com 
pounds  used  in  the  United  States  were  strontium  nitrati 
made  in  Germany  and  crude  celestite  from  England.  Thf 
abrupt  curtailment  of  these  sources  of  supply  encouraged 
the  mining  of  California  strontium  minerals  and  the  is 
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tablishment  in  California  of  plants  that  produced  stron- 
liiim  chemicals  from  them.  From  1916  to  1918  the  de- 
posits in  the  Cady  Mountains  were  worked;  but  after 
1918,  when  eelestite  from  England  was  available  again  at 
low  cost,  the  California  mines  were  closed.  The  produc- 
t  ion  from  the  Pish  Creek  Mountains  has  been  erroneously 
I'redited  to  Imperial  County. 

During  World  War  II  the  use  of  strontium  compounds 
in  tracer  bullets  and  to  a  lesser  extent  in  military  flares 
increased  the  demand  enormously,  and  the  California 
mines  were  reopened.  During  1941  and  1942  California 
produced  5,671  tons  of  strontium  minerals,  which 
amounted  to  about  20  percent  of  the  national  consump- 
1  ion.  Most  of  this  tonnage  was  eelestite  produced  by  the 
I'an  Chemical  Company  from  the  Fish  Creek  Mountains 
deposit.  The  Rowe-Buehler  Mining  Company  produced  a 
smaller  amount  of  eelestite  from  a  mine  in  the  Cady 
.Mountains,  and  during  1939,  1940,  and  1941  the  Stron- 
lium  Carbonate  Mines  obtained  some  strontianite  from 
•he  Mud  (Strontianite)  Hills.  E.  I.  du  Pont  de  Nemours 
\-  Company  prepared  to  produce  eelestite  from  their  de- 
!  losit  in  the  Cady  Mountains  and  carried  out  beneficiation 
tests  on  a  pilot  plant  scale  during  1942.  The  project  was 
dropped  before  full  production  was  achieved  because  in 
1943  eelestite  from  a  deposit  in  Mexico  was  placed  on 
the  market.  Although  the  United  States  consumption  of 
strontium  minerals  remained  high,  the  California  pro- 
duction began  to  decline.  Celestite  was  also  imported 
from  England  and  Spain  during  World  War  II. 
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SULFUR  AND  SULFURIC  ACID 
By  Philip  A.  Lydon 


During  1954,  the  total  sulfur  production  in  California 
was  equivalent  to  251,900  tons  of  100-percent  sulfur. 
Only  63,300  tons  of  this  came  from  sulfur  deposits;  the 
remainder  was  recovered  from  crude  oil  and  gas.  This 
output  fell  far  short  of  supplying  the  numerous  sulfur- 
consuming  industries  of  California.  Most  of  the  sulfur 
used  by  these  industries  is  obtained  from  deposits  in 
Texas  and  Louisiana  from  which  sulfur  is  recovered 
by  the  Fraseh  process.  Most  of  the  industrial  sulfur 
consumed  in  this  state  is  used  to  manufacture  sulfuric 
acid.  In  1954,  pyrite  estimated  to  be  equivalent  to  64,007 
short  tons  of  100-percent  sulfur  was  mined  in  California 
for  this  purpose  (see  section  on  pyrite  in  this  bulletin). 
The  markets  and  uses  for  sulfur  and  sulfuric  acid  are 
diverse,  and  include  almost  all  phases  of  industrial 
technology. 

MINERALOGY  AND  GEOLOGY 

Sulfur  normally  occurs  as  well-developed  bipyramidal 
or  tabular  orthorhombic  crystals,  and  as  earthy  or  dis- 
seminated masses.  The  mineral  has  a  resinous  luster,  a 
yellow  or  gray  color,  a  hardness  of  1.5  to  2.5,  and  a 
density  of  2.05.  Sulfur  melts  in  the  range  234°  to 
248°  F.,  and  ignites  in  air  at  a  temperature  of  478°  F. 

Native  sulfur  occurs  in  salt-dome  caprock,  as  sedimen- 
tary beds,  and  as  deposits  associated  genetically  or  spa- 
tially with  volcanism.  Most  of  the  sulfur  consumed  in 
the  United  States  is  obtained  from  the  Gulf  Coast  of 
Texas  and  Louisiana,  where  salt  domes  of  various  sizes 
have  intruded  great  thicknesses  of  sedimentary  rock. 
Many  of  these  domes  are  capped  by  limestone,  sulfur, 
anhydrite,  and  gypsum.  The  sulfur  commonly  occurs  as  a 
replacement  of  the  limestone.  Most  of  the  zones  of  sulfur- 
bearing  limestone  are  between  25  and  300  feet  thick,  and 
cover  salt  domes  100  to  2,000  acres  in  extent.  Millions  of 
tons  of  sulfur  are  produced  annually  from  these  de- 
posits by  means  of  the  Fraseh  process,  in  which  super- 
heated water  is  injected  into  the  deposit  through  part 


I'liiL  HE  1.  Specimen  of  sulfur  ore  from  Leviathan  mine,  Alpine 
I  ounty.  Stringer  of  sulfur  (greasy  luster)  in  altered  andesite. 
I'hoto  by  Mary  Hill. 


of  a  bore  hole  while  melted  sulfur  is  pumped  to  the  sur- 
face through  another  part. 

Sulfur  deposits  of  volcanic  origin  contribute  about 
3  percent  of  the  total  annual  world  production  of  sulfur. 
Japan,  with  an  output  of  approximately  200,000  tons 
yearly,  has  been  the  principal  producer  from  this  type 
of  deposit.  Other  countries  that  produce  sulfur  from 
volcanic  deposits  are  New  Zealand,  Formosa,  Indonesia, 
Italy,  Spain,  Mexico,  South  American  countries  along 
the  Andes  Mountains,  and  the  United  States.  Production 
in  this  country  has  come  from  California,  Colorado, 
Idaho,  Nevada,  Utah  and  Wyoming.  The  largest  re- 
serves of  native  sulfur  of  volcanic  origin  are  in  the 
Andes  Mountains,  where  an  estimated  100  million  tons 
of  ore  are  distributed  among  more  than  100  deposits. 
Japanese  reserves  have  been  estimated  at  60  million 
tons  of  30-percent  sulfur  in  18  deposits  (Bonfield,  1955). 

Most  sulfur  of  volcanic  origin  occurs  as  dissemina- 
tions, massive  replacement  bodies,  or  veins.  Dissemi- 
nated sulfur  is  characteristic  of  deposits  in  which  the 
ore  grade  is  less  than  50  percent,  although  such  dissemi- 
nations commonly  form  envelopes  about  richer  massive 
replacement  bodies.  Large  veins  usually  are  found  in 
the  lower  parts  of  deposits  where  the  wall-rock  is  rela- 
tively unaltered.  Sulfur  formed  by  hot-spring  action  may 
be  deposited  in  sediments  at  the  bottoms  of  warm  lakes. 
Sulfur  also  forms  as  liquid  flows  from  volcanic  vents, 
as  cement  in  near-surface  alluvium,  and  as  sublimates 
about  sulfurous  gas  vents. 

OCCURRENCES   IN   CALIFORNIA 

Almost  all  of  the  native-sulfur  deposits  in  California 
are  associated  with  volcanic  rocks.  Production  has  been 
reported  from  Alpine,  Colusa,  Imperial,  Inyo,  Kern, 
Lake,  and  Shasta  Counties.  By  far  the  two  most  produc- 
tive localities  have  been  the  Leviathan  mine  in  Alpine 
County  and  an  area  on  the  west  slope  of  the  Last  Chance 
Range  in  Inyo  County.  The  entire  output  of  the  Levia- 
than mine  is  shipped  to  Yerington,  Nevada,  where  it  is 
converted  to  sulfuric  acid.  Some  of  the  material  from 
the  Last  Chance  Range  has  been  concentrated  and 
shipped  to  Los  Angeles  for  use  in  the  manufacture  of 
sulfuric  acid ;  some  also  has  been  trucked  to  the  Bakers- 
field  area  for  use  as  soil  sulfur. 

Alpine  County.  The  Leviathan  deposit,  9  miles  east 
of  Markleeville,  consists  of  sulfur  in  equant  masses, 
stringers,  and  veins,  in  a  gray,  altered,  porphyritic 
andesite.  It  is  hourglass-shaped  in  plan,  with  the  long 
axis  trending  northward,  and  is  flat-lying  and  saucer- 
shaped  in  section.  The  deposit  has  a  maximum  thick- 
ness of  135  feet,  and  is  successively  overlain  by  an 
average  of  150  feet  of  kaolinized  agglomerate  and  about 
100  feet  of  tuff  that  has  been  silicified  at  the  surface. 
Thin  beds  of  sulfur  interfinger  with  volcanic  breccias 
and  tuffs  at  points  approximately  a  mile  south  and  a 
mile  west  of  the  present  pit,  and  large  dikes  of  sulfur 
cross-cutting  water-laid  tuffs  formerly  could  be  seen  in 
old  underground  workings.^  The  mined  ore  has  averaged 

1  G.   H.   Curtis,   Professor  of  geology,  University  of  California,  per- 
sonal communication,  Oct.  1955. 
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about  28  percent  sulfur  and  contains  a  minor  amount 
of  pyrite  and  traces  of  cinnabar.  Early  analyses  showed 
that  the  ore  contained  only  negligible  amounts  of  arsenic, 
antimony,  magnesia,  lime,  alumina,  and  mercury.  A  small 
amount  of  selenium  is  recovered  during  treatment  of 
the  ore. 

Because  it  is  more  economical  and  allows  better  venti- 
lation and  fire-control  than  is  possible  in  underground 
workings,  an  open  pit  is  used  to  work  the  Leviathan  ore 
body.  The  pit  is  1,500  feet  long  and  600  feet  wide.  The 
large  volume  of  overburden  it  has  been  necessary  to  re- 
move has  resulted  in  an  ore  to  waste  ratio  of  about  1  to 
11.  The  sulfur-bearing  rock  is  mined  with  15-foot 
benches,  using  5-foot  vertical  blasting  holes  in  a  9-  by 
8-foot  pattern.  The  altered  host  rock  contains  scattered 
blocks  of  tough,  relatively  fresh  rock  that  sometimes  ren- 
der drilling  and  loading  of  ore  difficult.  In  1955,  one  man 
was  operating  a  2,300-pound  dropball,  taking  the  place 
of  four  or  five  men  formerly  engaged  only  in  secondary 
blasting.  The  mined  material  is  loaded  into  trucks  that 
take  it  to  a  crushing  unit  west  of  the  pit.  Here  it  passes 
through  a  jaw  crusher  and  an  |-inch  vibrating  screen. 
Fragments  less  than  an  eighth  of  an  inch  in  diameter 
average  between  12  and  18  percent  sulfur,  and  are  re- 
jected in  order  to  improve  the  ore  grade.  The  crushed 
ore  is  trucked  to  Weed  Heights,  near  Yerington.  Here  it 
is  crushed  again,  ground,  and  roasted  exothermically  in 
FluoSolids  reactors.  The  resulting  sulfur  dioxide  gas  is 
cooled  in  a  water-spray  chamber  and  passed  through  a 
series  of  cyclone  precipitators  to  remove  most  of  the 
dust  load.  The  gas  is  then  scrubbed,  passed  through  Cot- 
trell  mist-precipitators,  and  sent  to  a  contact  sulfuric 
acid  plant. 

The  Leviathan  mine  was  discovered  in  1863  and  was 
first  worked  for  copper  and  gold.  It  was  abandoned 
shortly  afterward  and  remained  inactive  until  about 
1894,  when  it  was  reopened  and  200  tons  of  copper  ore 
were  mined.  Abandoned  again,  it  lay  idle  until  the  early 
1930 's,  when  the  Leviathan  Sulphur  Company  was  or- 
ganized to  exploit  its  sulfur.  Development  and  moderate 
production  marked  the  period  1933-34,  after  which  no 


I'ua  i!i:  2.  l,c\  iailiaii  niicn-pit  mine,  Alpine  County.  Sulfur  ore- 
body  is  overlain  by  kaolinized  agglomerate  and  tuff.  Upper  surface 
of  orebody  marked  by  line.  View  to  northeast. 


further  shipments  were  made  until  mid-1953.  In  March, 
1936,  the  property  was  leased  to  Texas  Gulf  Sulphur 
Company  and  was  maintained  under  an  assignment  of 
that  lease  by  the  Calpine  Corporation  of  Ijos  Angeles.  In 
1941,  Calpine  Corp.  surrendered  its  lease  to  Leviathan 
Sulphur  Co.,  and  in  1945,  Siskon  Mining  Corporation,  a 
subsidiary  of  Texas  Gulf  Sulphur  Co.,  purchased  the 
mine.  Anaconda  Mining  Company  acquired  the  property 
in  1952  as  a  source  of  sulfur  for  the  manufacture  of 
sulfuric  acid  to  be  used  in  leaching  low-grade  copper  ore 
near  Yerington,  Nevada.  Contracts  for  an  access  road 
and  overburden  stripping  were  let,  and  mining  of  the 
ore  body  began  in  July  1953. 

Colusa  County.  A  small  amount  of  sulfur  has  been 
produced  from  the  Elgin  mine,  near  Wilbur  Springs,  in 
Colusa  County.  The  sulfur  deposit  at  the  Elgin  mine  is 
in  shale  and  serpentine  and  lies  only  a  short  distance 
from  the  margin  of  a  large  body  of  serpentine.  Sulfur 
occurs  sparingly  in  cracks  and  fissures  and  forms  a  ce- 
ment in  the  few  feet  of  overlying  soil  and  debris.  Hot 
springs  and  sulfurous  gases  issue  from  a  number  of 
points  on  and  near  the  property. 

Unconfirmed  reports  state  that  unsuccessful  attempts 
were  made  to  produce  sulfur  on  a  commercial  basis  prior 
to  1888,  and  again  in  1891,  1909  and  1916  (Bradley, 
1918,  and  Logan,  1929).  In  1918,  two  12-foot-high  steam 
retorts  were  installed,  and  about  3  tons  of  ore  were 
mined  and  treated  experimentally  before  a  drop  in  prices 
after  World  War  I  forced  the  operation  to  close  down. 
No  more  sulfur  was  mined  until  1929,  when  a  steam- 
retort  unit  and  storage  tank  were  constructed.  A  total 
of  265  tons  of  ore  were  mined  before  this  operation  was 
abandoned  in  1932.  Some  exploration  for  sulfur  was 
later  conducted  west  of  the  mine,  probably  within  the 
last  5  years,  but  no  production  has  been  reported.  When 
visited  in  October  1955,  the  mine  was  idle. 

Imperial  County.  The  Pull  Moon  sulfur  deposit 
(Tucker,  1926)  is  on  the  southwest  slope  of  the  Choco- 
late Moutains  in  north-central  Imperial  County.  It  is  a 
surficial  deposit  in  Avhich  sulfur  occurs  in  dissemina- 
tions and  seams  in  tufa.  It  was  located  in  1928,  and  sub- 
sequently was  developed  by  several  open  pits,  shallow 
shafts,  and  short  tunnels. 

The  Coyote  Mountain  gypsum  and  sulfur  deposit,  7 
miles  north  of  Coyote  Wells,  consists  of  brown,  iron- 
stained  gypsum  mixed  with  2  to  5  percent  elemental  sul- 
fur. The  sulfur  occurs  in  slightly  greater  abundance 
along  a  northeastward-trending  fault  zone  that  cuts 
granite,  schist,  and  limestone.  Development  has  been  by 
means  of  pits  and  an  open  cut  in  the  hillside.  Vesubio 
Mining  Corporation,  Ltd.,  has  leased  this  property  since 
the  early  1930 's.  Soil  sulfur  and  refined  dusting  sulfur 
were  produced  by  this  company  at  their  plant  in  Calex- 
ico  from  1940  to  1942.  However,  ore  for  this  plant  came 
from  the  company's  mine  in  Baja  California,  and  not 
from  Imperial  County  as  has  been  previously  reported 
(Sampson  and  Tucker,  1942).  Equipment  at  the  Baja 
mine  was  damaged  by  fire  in  1942,  and  raw  material  for 
the  Calexico  plant  has  since  been  secured  from  Texas. 

Inyo  County.  The  sulfur  claims  on  the  west  slope  of 
the  Last  Chance  Range,  east  of  Big  Pine,  yielded  almost 
a  third  of  the  native  sulfur  produced  in  California  be- 
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iween  1865  and  1954  (see  table  2).  The  most  consistently 
active  claims,  and  the  ones  most  extensively  developed, 
are  the  Crater  group  of  six  claims  and  the  Gulch  group 
of  ten  claims. 

These  claims  lie  in  a  depression  between  two  north- 
ward-trending, block-faulted  ridges  composed  of  Paleo- 
znie  sedimentary  rocks.  Several  north-trending  faults 
cut  Tertiary  volcanic  and  sedimentary  rocks  in  the 
depressed  area,  and  two  principal  zones  of  sulfur  min- 
eralization are  parallel  to  and  bounded  by  these  faults 
Lynton,  1938).  These  zones  are  each  about  2,500  feet 
in  length,  and  have  irregular  widths.  Most  of  the  sulfur 
(K'curs  as  steeply  dipping  veins  of  various  sizes,  as  shal- 
low, flat-lying  bodies  the  disposition  of  which  is  prob- 
ably controlled  by  fracturing  in  the  rhyolite,  and  as 
disseminated  matter  in  bodies  with  indefinite  boundaries. 
W'allrock  observed  on  the  surface  is  a  dense,  white,  sili- 
cified  rhyolite,  whereas  drill  holes  and  underground 
\\orkings  revealed  wallrock  of  gypsum,  conglomerate, 
and  chert  (Lynton,  1938).  Scattered  beds  of  essentially 
barren  pumieeous  tuff  also  are  present.  The  Crater  claims 
lie  astride  both  zones  of  mineralization,  whereas  the 
( '<  ulch  claims  immediately  to  the  south  embrace  a  smaller 
mineralized  area  that  appears  to  be  separate  from  the 
other  two  zones. 

Mining  activity  to  date  has  centered  around  three  ore 
deposits.  The  largest  of  these,  on  Crater  No.  1  in  the 
western  mineralized  zone,  was  once  worked  by  a  200- 
foot  shaft  and  a  few  hundred  feet  of  drifts.  These  work- 
ings caved  in  during  the  early  1940 's,  so  that  a  shallow 
open  cut  provided  the  only  access  to  the  ore  in  1955. 
A  large  open  pit  on  Crater  No.  2,  in  the  eastern  zone 
of  mineralization,  was  used  to  work  a  shallow  ore  body 
after  limited  underground  work  proved  to  be  hazardous. 
An  open  cut  on  Gulch  No.  1  was  being  used  in  1955 
to  extract  sulfur  for  use  as  an  agricultural  mineral. 

Sulfur  in  the  open  cut  on  Crater  No.  1  occurs  as  seams 
in  finely  fractured,  partially  bleached  siliceous  rhyolite 
and  in  tuff  containing  black  obsidian  fragments.  High- 
grade  ore  is  confined  to  a  fracture  that  strikes  southeast 
and  dips  steeply  northeast,  occurring  in  a  4-foot  width 
of  massive,  almost  pure  sulfur.  Away  from  this  vein, 
many  sulfur  seams  have  vugs  in  which  crystals  with  well- 
formed  faces  occur.  In  the  pit  on  Crater  No.  2,  sulfur 
occurs  in  small  veinlets,  in  microscopic  seams,  and  dis- 
seminated in  the  silieified-rhyolite  wallrock.  A  thick, 
barren  bed  of  pumieeous  tuff  overlies  the  rhyolite.  Ore 
on  the  walls  of  the  pit  is  low  grade.  A  54-foot  drill  hole 
at  the  bottom  of  the  pit,  however,  is  reported  ^  to  have 
encountered  an  unspecified  amount  of  high-grade  ore. 

The  principal  known  deposit  of  the  smaller  mineral- 
ized area  is  on  the  Gulch  No.  1  claim,  where  sulfur  occurs 
in  a  southeast-dipping,  northeast-trending  zone  in  silici- 
fied  rhyolite.  Pure,  yellow,  native  sulfur  forms  broad 
seams  and  patches  in  this  zone,  which  averages  60  per- 
cent elemental  sulfur.  Overburden  is  variable  in  thick- 
ness and  consists  of  impure  gypsum.  The  deposit  is 
worked  by  an  open  cut.  Approximately  30  feet  of  its 
depth,  40  to  50  feet  of  its  width,  and  150  feet  of  its 
length  is  or  was  in  ore. 

Open  cuts,  pits  and  trenches  elsewhere  in  the  area 
reveal  very  low-grade  ore  in  which  sulfur  occurs  as  thin 

•R.  E.  Kitching,  Bakersfield,  personal  communication,  Nov.  1955. 


Figure  3.  Southeast  face  of  open  cut  on  Crater  No.  1.  Last 
Chance  Range,  Inyo  County.  Steeply  dipping  vein  of  sulfur  is  in 
a  shear  zone  (F-P).  Richest  areas  of  sulfur  mineralization  are 
indicated  by  "S." 

seams  in  a  dense,  fractured,  silicified  rhyolite.  There 
is  little  or  no  disseminated  sulfur  between  these  seams. 
The  rhyolite  is  commonly  overlain  by  a  thin  bed  of 
pumieeous  tuff. 

The  sulfur  deposits  of  the  Last  Chance  Kange  have 
a  history  of  ownership  and  attempted  production  dating 
back  to"l917.  The  peak  period  of  activity  was  from  1928 
to  1943.  Early  in  this  period.  Pacific  Sulphur  Company 
sank  a  200-foot  shaft  on  Crater  No.  1,  erected  several 
buildings,  and  completed  a  churn-drilling  program. 
Later,  an  open  pit  was  started  on  Crater  No.  2,  and  sev- 
eral steam  retorts  were  built.  In  all,  the  equivalent  of 
more  than  48,000  tons  of  100-percent  sulfur  was  pro- 
duced during  these  years.  Since  1945,  intermittent  at- 
tempts at  mining  in  this  area  have  yielded  only  a  few 
thousand  tons  of  sulfur.  The  principal  deterrents  to 
sustained  production  from  the  Last  Chance  Range  have 
been  high  shipping  costs  and  lack  of  water  at  the 
mine  site. 

Kern  Counttj.  As  early  as  1893,  small  deposits  of 
sulfur  were  reported  east  of  Maricopa,  in  the  Sunset 
oil  district  (Watts,  1893).  Sulfur  in  this  area  is  reported 
to  be  a  gray  amorphous  material,  which  occurs  as  a 
cement  in  soil  and  disseminated  through  sedimentary 
rocks  containing  clay,  gypsum,  and  bituminous  matter. 

Lake  County.  The  Sulphur  Bank  mine,  the  Canary 
Hill  mine  at  Chalk  Mountain,  and  the  Seward  or  Au- 
schwitz property  have  been  of  interest  at  one  time  or 
another  because  of  their  sulfur  content. 

The  Sulphur  Bank  mine  is  situated  on  the  eastern  arm 
of  Clear  Lake.  In  the  mine  area,  contorted,  slightly 
metamorphosed  Franciscan  shale  and  sandstone  are  un- 
conformably  overlain  bj^  lake  beds  and  by  a  Recent 
augite  andesite  flow  capped  by  25  feet  of  white,  powdery, 
opaline  silica  formed  by  leaching.  Gypsum  and  sulfur 
have  been  deposited  in  open  spaces  in  this  eaprock.  A 
major  northeast-trending  fault  zone  is  intersected  by  a 
series  of  northwest-trending  faults  with  minor  displace- 
ment. Cinnabar,  pyrite,  and  hydrothermally  altered  rock 
occur  principally  along  the  fault  zones,  where  hot  springs 
and  fumaroles  still  are  active  (Everhart,  1946). 
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I'li.uuE  4.     Open  cut  on  Gulch  No.  1,  Inyo  County,  follows  narrow,  southeast-dipping 
zone  of  sulfur  mineralization.  View  to  east. 


This  mine,  which  was  operated  by  California  Borax 
Company,  yielded  941  short  tons  of  sulfur  during  the 
period  1865-68,  and  then  closed  down  because  of  a  fall 
in  the  price  of  sulfur,  and  because  the  cinnabar  content 
made  refining  increasingly  difficult.  The  mine  was  re- 
opened in  1873,  and  has  since  been  worked  only  for 
quicksilver. 

The  Chalk  Mountain  sulfur  deposit  is  near  Cache 
Creek  about  4  miles  north  of  State  Highway  20.  Traces 
of  sulfur-bearing  material,  consisting  mostly  of  sulfurous 
alum  salts,  occur  in  a  white,  bleached  andesite  (?)  in 
which  feldspar  laths  are  still  visible.  Moderate  amounts 
of  hydrogen-sulfide  gas  issue  from  the  rock  in  a  number 
of  places.  In  1951,  an  investigation  ^  revealed  that  sulfur 
occurred  principally  as  a  cement  in  shallow  debris  and 
along  joints  in  the  wall-rock.  The  highest-grade  material 
exposed  at  that  time  contained  approximately  15  percent 
sulfur. 

This  property,  first  worked  for  sulfur  prior  to  1890, 
was  located  by  Caryl  Dow  in  October,  1951.  Shortly 
afterward  it  was  leased  to  Chemi-Cal  Sales  Corporation. 
Intermittent  attempts  at  development  failed  to  uncover 
substantial  amounts  of  ore,  and  in  January  1954,  the 
lease  was  terminated.  The  mine  was  idle  when  visited 
in  October  1955. 

The  Seward  or  Auschwitz  (Averill,  1947)  property 
and  adjacent  claims  are  approximately  half  a  mile  south 
of  the  Kelseyville-Lower  Ijake  highway  near  the  S-Bar-S 
ranch.  The  principal  deposit  consists  of  sulfur  dissem- 
inated in  a  cross-bedded,  highly  altered  body  of  tuff 
which  overlies  an  obsidian  flow.  The  tuff  apparently  was 
deposited  in  a  cup-shaped  depression  in  the  obsidian. 
Fragments  of  pumice  and  obsidian  occur  in  the  tuff, 
which  strikes  northeast  and  dips  gently  to  the  north- 

'  Salem   J.    Rice,   Division   of   Mines,    personal   communication,    Nov. 
1955. 


west.  Sulfur  is  rather  uniformly  distributed  throughout 
the  wall-rock  of  tuff,  but  widely  spaced  crevices  are  filled 
with  relatively  rich  concentrations  of  the  mineral.  The 
deposit  averages  about  10  percent  sulfur,  and  appears 
to  measure  less  than  100  feet  in  its  longest  dimension. 
These  claims  are  owned  jointly  by  the  Lower  Lake 
Minerals  Corporation  and  Alvin  Seward  of  Kelseyville, 
who  have  formed  the  Lake  County  Minerals  Corpora- 
tion. Pacific  Sulphur  Company  was  sub-leasing  the 
property  in  late  1955.  There  has  been  no  commercial 
production  from  this  property,  although  a  few  tons 
were  removed  for  experimental  use  as  soil  sulfur.  Two 
untimbered  adits,  20  and  40  feet  long,  respectively, 
penetrate  a  low,  open-cut  face  on  the  south  side  of  the 
principal  deposit.  A  shaft,  once  50  feet  deep,  was  filled 
in  1950  when  the  open  cut  was  made. 

Shasta  County.  The  Supan  Sulphur  Works,  situated 
in  Lassen  Volcanic  National  Park,  were  discovered  and 
located  in  1865.  The  property  was  patented  in  the  1920 's, 
and  was  operated  as  a  tourist  attraction  after  1940.  In 
1951,  the  Sulphur  Works  were  acquired  by  the  U.  S. 
Government  and  are  now  a  part  of  the  National  Park 
System.  Steam  vents,  mud  pots  and  hot  springs  are  the 
main  features  of  interest  here.  Sulfur  is  deposited  from 
gases  as  sublimated  crusts,  and  from  hot  water  as  crusts 
and  impregnations.  Old  reports  (Day  and  Allen,  1925) 
state  that  sporadic  mining  activity  occurred  at  this  locale 
prior  to  1900.  The  total  production,  however,  could  not 
have  been  more  than  a  few  tons. 

BYPRODUCT  SULFUR  AND  SULFURIC  ACID 

More  than  half  of  the  sulfur-equivalent  produced  in 
California  during  1954  was  derived  from  the  treatment 
of  sour  or  sulfurous  crude  oils  and  gases,  and  waste-acid 
sludges  from  petroleum  refineries.  A  crude  oil  is  classi- 
fied as  sour  if  it  contains  0.05  cubic  foot  or  more  dis- 
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solved  hydrogen  sulfide  per  100  gallons  of  oil.  A  sulfu- 
lous  crude  oil  is  one  that  contains  either  dissolved 
elemental  sulfur  or  hydrogen  sulfide.  The  removal  of 
liydrogen  sulfide  from  sour  crude  oil  is  desirable  because 
such  oils  represent  an  unnecessary  fire  hazard,  are  often 
lothally  poisonous,  and  may  cause  extensive  corrosion 
damage  to  refinery  equipment.  Moreover,  an  additional 
1  to  1^  cc  of  tetraethyl-lead  fluid  per  gallon  are  required 
to  overcome  the  poor  lead  susceptibility  of  gasoline  de- 
rived from  untreated  sour  crude  oil. 

A  further  reason  for  removing  hydrogen  sulfide  and 
sulfur  from  crude  oil  is  to  prevent  their  discharge  into 
the  atmosphere  as  sulfur  dioxide  when  refinery  wastes 
are  burned.  Although  sulfur  dioxide  released  to  the  air 
in  this  manner  is  an  air  pollutant,  no  data  are  available 
to  indicate  that  it  contributes  to  the  formation  of  smog 
(Went,  1955). 

Petroleum  refineries  in  the  Los  Angeles  and  San 
Francisco  Bay  areas  yield  both  sulfuric  acid  and  ele- 
mental sulfur  as  byproducts  of  gas  and  oil  processing. 
In  California,  during  1955,  there  were  at  least  8  sul- 
fnrie-acid  plants,  10  hydrogen-sulfide  recovery  units  and 
S  plants  that  produced  liquid  sulfur.  Minor  amounts  of 
liquid  sulfur  dioxide  and  liquid  hydrogen  sulfide  also 
were  produced.  Some  oil  companies  operated  hydrogen- 
sulfide  recovery  units  and  liquid-sulfur  plants  at  their 
own  refineries,  whereas  other  companies  shipped  recov- 
ered hydrogen  sulfide  or  waste  acid  sludges  to  a  sulfuric- 
acid  plant  operated  by  another  concern  and  received  an 
equal  value  of  sulfuric  acid  in  return.  These  sulfuric- 
acid  plants  utilize  as  raw  materials  hydrogen-sulfide 
gas,  smelter  fumes,  pyrite,  and  Fraseh  sulfur.  Because 
the  quality  and  quantity  of  sour  gases  received  by  a 
sulfuric-acid  plant  vary  from  season  to  season,  Fraseh 
sulfur  is  often  kept  on  hand  and  used  to  maintain  a 
steady  and  therefore  more  economical  volume  of  pro- 
duction. The  amount  of  California-derived  raw  material 
that  such  plants  utilize  is  difficult  to  determine. 

The  byproduct-sulphur  industry  in  California  began 
in  the  late  1930 's  and  is  still  growing.  A  new  sulfur- 
recovery  unit  was  placed  in  operation  during  1955,  and 
a  liquid-sulfur  plant  was  under  construction.  It  is  esti- 
mated that  the  equivalent  of  188,600  short  tons  of 
100-percent  sulfur  was  produced  as  a  byproduct  in  Cali- 
fornia during  1954.  This  does  not  include  the  sulfur- 
equivalent  derived  from  pyrite,  nor  does  it  include  that 
obtained  from  out-of-state  raw  material. 

One  successful  sulfur-recovery  unit  near  Los  Angeles 
introduces  hydrogen  sulfide  and  a  controlled  amount 
of  air  into  a  burner,  where  the  hydrogen  sulfide  is  par- 
tially oxidized.  The  hot  combustion  gases  pass  through 
a  waste  heat  boiler,  which  utilizes  reaction  heat  to  gen- 
erate steam,  and  then  into  a  catalytic  converter  in  which 
oxidation  is  completed.  From  here  the  gases  go  into  a 
condenser  and  then  to  a  reheater  and  a  second  converter- 
condenser  unit.  A  scrubbing  tower  removes  the  last  of 
the  sulfur.  Waste  gases  are  then  burned  and  discharged 
to  the  atmosphere.  As  it  is  condensed,  liquid  sulfur  is 
■withdrawn  from  the  waste  heat  boiler,  the  converters, 
condensers,  and  scrubber.  It  is  collected,  stored,  and 
shipped  from  the  plant  in  the  liquid  state. 

The  most  widely  used  processes  for  the  removal  of 
hydrogen  sulfide  from  sour  gas  involve  the  use  of 
enthanolamine  solutions.   These  are  organic  bases  that 


Purified    air    plus 
SO, 


^ 

PREHEATER 

' ' 

CATALYTIC 
REACTOR 

COOLER 


OLEUM 
STORAGE 


market 


COOLER 


OLEUM 
TOWER 


98%   ACID 
TOWER 


97% 
AC/0 


COOLER 


mixed    to    pro- 
duce   various 
strengttis    of 
acid 


98%    ACID 
STORAGE 


market 


market 


Figure  5.     Generalized  flow  sheet  of  the  contact  process  for 
manufacture  of  sulfuric  acid. 

react  chemically  with  acidic  gases  at  normal  tempera- 
tures and  effect  their  removal  from  other  gases.  In  these 
reactions,  chemical  bonds  are  so  loosely  attached  that 
the  process  behavior  is  similar  to  that  of  absorption. 
The  resulting  complex  organic  compounds  are  unstable 
at  temperatures  in  the  range  240°  to  300°  F.  Thus, 
circulating  ethanolamine  solutions  in  one  column  can  be 
contacted  with  sour  gas  at  ordinary  temperatures,  while 
in  a  second  column  the  amine  solution  is  regenerated 
and  acidic  gas  recovered  at  boiling-point  temperature 
and  reduced  nre.ssure.  The  reversible  reaction  involved 
is  of  the  type  : 

100°  F. 

2RNH, +'HoS  T *-(RNH2)o  •  H^S 

240°  F. 

This  process  can  accomplish  a  nearly  complete  removal 
of  carbon  dioxide  as  well  as  of  hydrogen  sulfide,  and 
produces  a  sweet  gas  that  readily  meets  the  usual  speci- 
fications of  0.25  grains  maximum  H2S  per  100  cubic 
feet  of  gas.  Aqueous  diethanolamine  or  monoethanola- 
mine  solutions  may  be  used  for  removal  of  hydrogen  sul- 
fide and  carbon  dioxide,  or  a  mixture  of  an  ethanolamine, 
diethylene  glycol  and  water  may  be  used  for  simulta- 
neous sweetening  and  dehydration. 

SULFURIC  ACID   MANUFACTURE 

Pure,  100-percent  sulfuric  acid  is  a  colorless,  odorless, 
heavy,  oily  liquid.  Commercial  sulfuric  acid  ordinarily 
has  a  density  of  66°  Baume  and  contains  93  percent 
H2SO4.  One  gallon  weighs  15.2  pounds  and  contains 
4.64  pounds  of  sulfur.  Sulfuric  acid  is  capable  of  dis- 
solving large  quantities  of  sulfur  trioxide,  forming  var- 
ious grades  of  oleum.  When  oleum  solutions  are  mixed 
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Table  1.     Production  of  native-sulfur  ore  in  California. 
(Short  tons,  unspecified  grade) 


Table  2.     Production  of  native-sulfur  ore  in  California. 
(Recalculated  to  short  tons,  100  percent  sulfur.) 
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with  water,  the  dissolved  oxide  combines  with  the  water 
to  form  more  sulfuric  acid. 

Sulfuric  acid  is  produced  commercially  by  the  con- 
tact and  chamber  processes.  In  both  methods,  the  raw 
material  is  sulfur  dioxide,  which  may  be  obtained  by 
burning  elemental  sulfur,  pyrite,  or  hydrogen  sulfide. 
The  contact  process  is  the  more  widely  used  of  the  two 
because  it  allows  savings  in  space,  makes  more  efficient 
use  of  raw  material,  and  has  a  faster  reaction  rate.  In 
this  process,  gases  containing  7  to  10  percent  sulfur 
dioxide  and  11  to  14  percent  oxygen  are  preheated  and 
then  contacted  on  a  platinum  or  vanadium  pentoxide 
catalyst  in  a  converter.  Sulfur  trioxide  leaves  the  con- 
verter, is  cooled  and  enters  an  oleum  tower  where  it  is 
absorbed  by  sulfuric  acid.  Some  of  the  reacted  product 
leaves  this  tower  and  goes  to  an  oleum  storage  unit, 
while  most  of  the  rest  is  introduced  into  a  98-percent 
acid  tower  where  it  is  concentrated  to  a  marketable 
strength. 

The  chamber  process  involves  the  use  of  nitric  oxide 
to  effect  partial  oxidation  of  hot  sulfur-dioxide  gas.  The 
resulting  mixed  gases  then  go  to  a  series  of  lead  cham- 
bers where  most  of  the  sulfur  dioxide  is  oxidized  to 
sulfur  trioxide  and  hydrated  by  water  spray  to  sulfuric 
acid.  The  chamber  acid  is  then  scrubbed  and  concen- 
trated to  produce  a  marketable  acid. 

All  the  pyrite  mined  in  California  for  its  sulfur  con- 
tent has  been  used  in  the  manufacture  of  sulfuric  acid. 
Such  ore,  produced  from  Alameda  and  Shasta  Counties, 
has  over  the  years  averaged  approximately  50  percent 
sulfur.  California  has  yielded  5,104,164  short  tons  of 
pyrite  ore  from  1898  to  1954.  This  is  equivalent  to 
7,401,816  tons  of  100-percent  sulfuric  aeid,  or  to  2,552,- 
308  tons  of  sulfur  (see  section  on  pyrite  in  this  volume). 

PRODUCTION 

United  States  production  of  equivalent  sulfur  in  1954 
is  estimated  at  7,364,500  short  tons  (Chemical  Engi- 
neering, 1955),  of  which  about  5  percent  was  produced 
in  California.  Approximately  80  percent  of  this  amount 
came  from  the  13  Frasch  sulfur  mines  of  the  Gulf 
Coast,  about  10  percent  came  from  smelter  and  refinery 


gases,  6  percent  from  pyrites,  3  percent  from  sludge  con- 
version and  1  percent  from  low-grade,  native-sulfur  ores., 
The  largest  domestic  producer  was  Boling  Dome  in 
Texas,  operated  by  Texas  Gulf  Sulphur  Company.  The 
next  most  important  producers  were  Freeport  Sulphur 
Company's  Grade  Eeaille  and  Garden  Island  Bay  de- 
posits in  Louisiana. 

An  aura  of  uncertainty  has  almost  always  attended 
published  statements  concerning  production  of  native 
sulfur  in  California.  Old,  unpublished  records  and 
previously  published  reports,  for  example,  often  make 
no  distinction  between  long  and  short  tons  or  between 
uneoncentrated  ore  and  refined  sulfur  cake.  Original 
production  reports,  however,  commonly  show  the  unit 
price  or  the  total  value  of  ore  shipped  during  a  given 
period  of  time,  and  thereby  suggest  the  grade.  Sulfur 
production  in  California  is  summarized  in  tables  1  and  2. 

UTILIZATION 

Of  the  total  supply  of  sulfur  available  in  the  United 
States  in  1954,  approximately  24  percent  was  exported, 
61  percent  was  used  in  domestic  acid  manufacture,  and 
15  percent  was  applied  to  domestic  non-acid  uses  (Chem- 
ical Engineering,  1955).  The  domestic  consumption  pat- 
tern of  sulfur  in  1954  showed  little  change  from  that  of 
recent  years.  Fertilizer  accounted  for  33  percent ;  chem- 
icals, 18  percent ;  pigments  and  pulp,  7|  percent  each ; 
iron  and  steel,  7  percent;  ground-  and  refined-sulfur 
uses,  5  percent ;  carbon  bisulfide  and  rayon  and  film,  4^ 
percent  each;  petroleum,  3  percent;  and  miscellaneous 
uses,  10  percent  (Chemical  and  Engineering  News, 
1955). 

The  principal  uses  of  sulfuric  acid  are  in  the  manu- 
facture of  fertilizers,  chemicals,  paints,  pigments,  rayon, 
film,  coal  products  and  industrial  explosives,  petroleum 
refining,  iron  and  steel  pickling,  and  textile  processing. 
Fertilizers  and  insecticides,  the  manufacture  of  pulp  and 
paper,  explosives,  dyes,  rubber,  and  the  preparation  of 
food  products  are  the  principal  non-acid  uses  of  sulfur. 

In  the  preparation  of  superphosphate  fertilizers, 
washed  phosphate  rock  is  treated  with  sulfuric  acid  to 
make  the  phosphate  available  to  plants  arid  to  provide 
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SULFUR     RESOURCES    OF    CALIFORNIA 

Native    Sulfur    deposits 

1.  Cholk    Mountoin    deposit.     Lake  Co. 

2.  Coyote    Mountoin    deposit,    Imperial    Co 

3  Elgin    Mine,    Coluso   Co 

4  Full    Moon    deposit,    imperiol    Co. 

5.  Lost    Chonce    Ronge,    Inyo  Co. 

6.  Leviothon    Mine,    Alpine   Co. 

7.  Seword    properly,    Loke    Co. 

8.  Sulfur    Bonk    Mine.    Loke   Co. 

9.  Sunset  Oil  District.  Kern   Co. 

10.  Supon   Sulphur  Works,  Shosto   Co. 

Pyrite   deposits 

M.      Almo    ond    Leono    Heights    Mines,    Alameda   Co 

12.     Hornet   and    Iron    Mountain    Mines,    Shosto   Co. 
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Figure  0.     Map  of  California,  showing  sulfur  resources. 
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sulfur,  an  essential  plant  food.  Nitrooenous  constitu- 
ents released  during  the  coking  of  coal  pass  off  as  am- 
monia, and  these  gases  are  scrubbed  with  sulfuric  acid 
to  produce  ammonium  sulfate.  In  the  paint  and  pig- 
ment industries,  titaniferous  ores  are  dissolved  by  sul- 
furic acid  and  then  pure  titanium  dioxide  is  precipitated 
by  hydrolysis.  In  the  viscose  process  for  making  rayon, 
the  viscose  is  precipitated  in  a  sulfuric-acid  solution. 
The  manufacture  of  nitrocotton,  from  which  motion- 
picture  film  is  made,  consumes  large  amounts  of  sulfuric 
acid.  It  is  also  used  in  purifying  coal-distillates,  such  as 
toluol  and  benzol.  In  the  nitration  process  for  the  manu- 
facture of  nitroglycerin,  nitric  acid  is  used  in  the 
presence  of  concentrated  sulfuric  acid.  Propellant  ex- 
plosives for  military  use  contain  large  amounts  of  nitro- 
cotton, which  is  made  by  nitrating  cellulose  in  a  bath 
of  mixed  nitric  and  sulfuric  acids.  In  petroleum  refin- 
ing, sulfuric  acid  is  used  to  remove  tars,  gums,  and 
other  materials  that  would  form  corrosive  end-products, 
as,  for  example,  in  the  manufacture  of  high-octane 
components  for  aviation  gasoline.  The  metallurs:ical  in- 
dustry uses  sulfuric  acid  to  remove  scale  formed  during 
the  various  steps  of  rolling  and  annealing  iron  and  steel, 
as  a  bath  in  electrolytic-zinc  production,  to  leach  low- 
grade  copper  ores,  and  in  the  manufacture  of  copper 
sulfate,  an  activator  used  to  separate  sphalerite  in  lead- 
zinc  ores.  Sulfuric  acid  is  also  used  in  the  various  opera- 
tions of  washing,  bleaching,  shrinking,  and  dyeing  of 
textiles. 

Sulfur,  as  a  dust  or  in  sprays  such  as  lime-sulfur 
solutions  or  wettable  sulfurs,  is  used  to  control  pests 
that  attack  fruit  trees  as  well  as  truck  and  field  crops. 
Ground  sulfur  is  used  as  a  soil  additive  to  minimize 
alkalinity  or  to  correct  sulfur  deficiency.  Soil  rich  in 
selenium  and  deficient  in  sulfur  favors  the  growth  of 
plants  which  selectively  absorb  selenium  and  which  are 
noxious  to  cattle,  horses,  and  other  animals.  Sulfur, 
when  added  to  such  soil,  acts  as  an  inhibitor  to  selenium 
absorption. 

Sulfur  as  a  conditioner  of  alkali  soils  is  used  in  many 
parts  of  California.  Alkali  soils  are  abnormal  because 
they  contain  an  excess  of  soluble  salts  and/or  exchange- 
able (adsorbed)  sodium  ion.  If  the  content  of  soluble 
salts  is  low  and  that  of  exchangeable  sodium  ion  is 
high,  the  physical  condition  of  the  soil  is  usually  un- 
favorable for  either  plant  growth  or  tillage  operations. 
To  reclaim  the  soil,  excess  salts  must  be  removed  and 
sodium  and  magnesium  ions,  if  excessive,  must  be  re- 
placed by  calcium  ion.  Although  gypsum  is  useful  in 
this  respect,  it  is  only  slightly  soluble  in  water  and  re- 
quires intensive  irrigation  for  maximum  efficiency.  The 
effectiveness  of  sulfur  for  such  use  depends  on  its  rate 
of  oxidation  and  on  the  presence  in  the  soil  of  a  calcium 
compound  that  is  soluble  in  weak  sulfuric  acid.  One  or 
more  species  of  sulfur-oxidizing  bacteria  are  widely  dis- 
tributed in  alkali  soils,  and  their  action  on  sulfur  leads 
eventually  to  the  formation  of  sulfuric  acid,  which  is 
primarily  responsible  for  the  chemical  reactions  that 
occur  when  sulfur  is  applied  to  the  soil.  It  follows  from 
this  that  sulfuric  acid  applied  directly  in  irrigation 
water  would  also  be  effective  in  alkali-soil  reclamation. 
In  spite  of  the  high  costs  involved,  this  use  of  sulfuric 
acid  has  steadily  increased  in  California. 


The  California  State  Bureau  of  Chemistry  lists  23 
firms  registered  in  1954  as  dealers  in  soil  sulfur  and 
lime-sulfur  solutions.  The  actual  sulfur  content  of  soil 
sulfur  used  in  California  that  year  ranged  from  28  to 
99.5  percent.  Almost  all  dusting  and  wettable  sulfurs 
sold  in  California  during  1954  contained  between  95 
and  99  percent  sulfur;  lime-sulfur  solutions  averaged 
30  percent  calcium  polysulfide  and  1.5  to  5  percent  cal- 
cium thiosulfate;  DDT-sulfur  mixtures  contained  5  to 
10  percent  DDT  and  50  to  75  percent  sulfur.  During 
1954,  sales  of  soil  sulfur  and  agricultural  sulfuric  acid 
in  California  amounted  to  9,841  and  2,245  tons, 
respectively. 

In  the  sulfite  process  of  pulp  manufacture,  sulfur  or 
pyrite  is  burned  to  form  sulfur  dioxide,  which  is  reacted 
with  limestone  in  the  presence  of  water  to  form  a  mix- 
ture of  calcium  bisulfate  and  sulfurous  acid,  in  which 
wood  chips  are  digested.  Between  200  and  300  pounds 
of  sulfur  are  required  per  ton  of  pulp.  In  1949,  Pacific 
Coast  requirements  of  sulfur  for  this  use  were  145,000 
tons. 

The  proportion  of  sulfur  used  in  rubber  manufacture 
varies  with  the  product.  Hard  rubber  used  in  storage- 
battery  cases  may  contain  as  much  as  30  percent  sulfur, 
whereas  rubber  used  in  tire  stock  may  contain  only  1.5  ' 
percent.  Small  amounts  of  sulfur  are  still  used  in  the 
manufacture  of  black-powder  explosives,  although  nitro- 
glycerine in  dynamite  or  other  forms  has  almost  entirely  i 
replaced  this  material. 

Table  S.     Estimated  annual  conimmption  of  sulfur  in  northern 
California  industry,  Wfi8  (Eipper,  1950). 
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1954.) 

In  California,  the  consumption  pattern  of  sulfur  and 
sulfuric  acid  is  complex  because  of  the  diversity  of  agri- 
cultural and  industrial  enterprise.  Sulfur  and  sulfur- 
equivalent  export-import  records  for  the  state  are  not 
kept  by  any  central  agency.  Such  information  is  held 
largely  by  the  individual  companies  actually  involved  in 
the  .sale,  purchase,  and  transportation  of  pertinent  goods. 
A  few  estimates  of  sulfur  consumption  in  California  are 
available,  however.  Table  4  lists  the  agricultural  sulfuric 
acid  and  soil  sulfur  used  in  this  state  since  1924.  Table 
3  lists  estimates  made  of  the  consumption  of  sulfur  and 
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Figure  7.     Detail  of  sulfur (s)   in  rhjolitc  on  southwest  wall  of  open  pit,  Crater  No.  2 
claim,  Last  Chance  Range  deposits,  Inyo  County. 
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Figure  8.     Detail  of  sulfur (s)   and  black  quartzite  on  west  wall  of  open  pit,  Crater 
No.  1  claim,  Last  Chance  Range  deposits,  Inyo  County. 
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related  compounds  in  northern  California  industries 
during  1948. 

MARKETING 

The  following  prices  were  in  effect  during  the  last 
week  of  December  1955  (Oil,  Paint  and  Drug  Reporter)  : 
SULFUR,  crude,  bulk,  f.o.b.  Texas-Louisiana 

mines,  contract,  per  long  ton $26.50 

SULFURIC    ACID,    99-100    percent,    tanks, 

f.o.b.  works,  per  ton $23.95 

PYRITES,   Canadian,   f.o.b.   works,   per  long 

ton   $3.00-     5.00 

PYRITES,    domestic,    consumer's    plant,    per 

long  ton $9.00-  11.00 

During  this  time,  soil  sulfur  averaging  60  percent  ele- 
mental sulfur  was  sold  in  the  Bakersfield  area  at  $40-$45 
per  ton. 

Elemental  sulfur  produced  at  recovery  plants  proc- 
essing sour  gas  is  usually  sold  at  a  price  competitive 
with  that  of  Prasch  sulfur,  although  the  actual  price  at 
which  it  is  sold  is  controlled  almost  entirely  by  local 
market  conditions.  Because  the  cost  of  shipping  sulfuric 
acid  is  high,  plants  producing  this  material  are  located 
close  to  the  consumers;  the  ultimate  price  also  is  de- 
termined by  local  conditions. 

In  the  San  Francisco  and  Los  Angeles  areas,  sulfuric 
acid,  99  percent,  tanks,  f.o.b.  works,  generally  was  sold 
early  in  1956  for  $26.45  per  short  ton.  The  cost  of  Gulf 
Coast  sulfur  delivered  in  bulk  at  either  Los  Angeles  or 
San  Francisco  is  $1.37  per  hundred  weight  in  carload 
lots  of  80,000  pounds,  or  $27.40  per  short  ton. 

Soil  sulfur  sold  in  California  is  sold  as  an  agricultural 
mineral.  The  California  Bureau  of  Chemistry  defines  an 
agricultural  mineral  as  a  mineral  substance  containing 
a  total  of  less  than  5  percent  available  nitrogen,  potash, 
and  phosphoria.  Agricultural  minerals  sold  within  the 
state  must  be  registered  with  the  Bureau  of  Chemistry 
by  the  seller,  and  any  guarantees  made  for  the  material 
must  be  declared.  Although  existing  laws  permit  any 
percentage  of  contained  sulfur  in  soil  sulfur,  the  mini- 
mum amount  of  sulfur  actually  present  in  the  particular 
lot  being  sold  must  be  clearly  shown  on  a  label.  Periodic 
checks  are  made  by  the  Bureau  of  Chemistry  to  assure 
that  agricultural  minerals  are  not  being  mislabeled  and 
that  guarantees  are  being  met. 

The  miner  of  sulfur  deposits  in  California  has  always 
been  confronted  with  certain  problems,  chief  among 
which  are  the  general  low  grade  of  California  deposits, 
the  high  cost  of  transportation  to  suitable  markets,  and 
competition  from  cheaper,  out-of-state  material.  Statis- 
tics published  by  the  Bureau  of  Chemistry  (table  4) 
indicate  that  there  has  been  a  firm  market  for  soil  sulfur 
in  this  state  dtlring  the  last  decade.  Nevertheless,  the  cost 
of  mining,  treating,  and  transporting  soil  sulfur  is  so 


great  compared  to  the  market  value  that  usually  only  the 
higher-grade  material  can  be  worked  profitably.  In  gen- 
eral, the  owner  of  a  sulfur  deposit  in  California  who 
wishes  to  develop  his  property  should  mine  the  sulfur 
cheaply  (preferably  by  open  pit)  and  sell  it  for  agricul- 
tural purposes  as  short  a  distance  from  his  deposit  as  is 
feasible.  The  grade  of  sulfur  he  can  afford  to  mine  is  de- 
termined by  the  costs  of  mining  and  the  current  market 
value  of  his  product. 
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TALC  AND  SOAPSTONE 


By   Lauren  A.  Wright 


The  annual  production  of  talc  and  soapstone  in  Cali- 
fornia has  increased  from  a  few  tens  of  tons  in  the  early 
1900's  to  118,288  tons  in  1954  to  place  the  state  second 
to  New  York  as  a  source  of  these  commodities.  An  esti- 
mated total  of  1,830,000  tons  of  tale  has  been  produced 
in  California  through  1956.  At  least  nine-tenths  of  this 
(lutput  has  been  obtained  from  deposits  in  a  200-mile 
belt,  along  the  eastern  margin  of  California,  where  large 
i|uantities  of  talc  have  formed  as  alterations  of  pre- 
(  Mmbrian  and  Paleozoic  strata.  The  remainder  consists 
mostly  of  soapstone  quarried  along  the  western  foothills 
of  the  Sierra  Nevada  and  in  Los  Angeles  County.  The 
I  ale  mined  in  California  is  of  numerous  varieties,  and  is 
.■niployed  in  many  ways,  but  its  main  uses  are  in  the 
manufacture  of  ceramic  bodies  and  paint.  It  is  consumed 
mostly  within  the  state,  but  large  tonnages  also  are 
shipped  to  out-of-state  markets.  Tale  of  steatite  grade, 
which  is  unusually  pure,  is  shipped  to  the  eastern  United 
States  and  used  in  the  manufacture  of  high-frequency 
electrical  insulators. 
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Figure  1.  Chart  showing  production  of  talc,  soapstone,  and 
pyrophyllite  in  California  from  1900  to  1955,  compared  witli  value 
of  residential  building  in  California  from  1900  to  1955.  Building 
figures  1939-55  from  U.  S.  Dept.  Commerce ;  earlier  figures  ap- 
proximate. 

Mineralogy  and  Terminology.  To  the  mineralogist 
"talc"  is  a  distinct  mineral  species  with  a  composition  of 
Mg3Si40io(OH)2,  but  in  commercial  usage  the  term  also 
alludes  to  a  mixture  of  minerals  most  of  which  are  high- 
magnesium  silicates.  The  mineral  tale  is  ordinarily,  but 
not  necessarily,  a  prominent  constituent  of  commercial 
talc.  Other  minerals  common  in  such  mixtures  include 
tremolite  (Ca2Mg5Si8022(OH)2),  serpentine  (a  hydrous 
magnesium  silicate),  chlorite  (an  alumino-silicate  of  iron 
and  magnesium ) ,  anthophyllite  ( ( Mg,Fe )  7815022  (OH ) 2 ) , 


olivine  ( (Mg,Pe)2Si04),  carbonate  minerals,  and  quartz. 
The  chemical  compositions  of  many  commercial  talcs, 
therefore,  differ  markedly  from  the  composition  of  the 
pure  mineral.  For  many  uses  the  other  minerals  are 
either  beneficial  or  harmless,  but  for  uses  such  as  in  the 
manufacture  of  pharmaceuticals,  cosmetics,  and  electri- 
cal insulators,  they  constitute  impurities. 

The  mineral  talc  ordinarily  can  be  distinguished  by 
an  extreme  softness,  a  soapy  feel,  a  flaky  habit  and  a 
marked  inertness.  Most  aggregates  of  pure  talc  grains 
are  friable,  but  some  are  blocky.  The  properties  that  most 
determine  the  usefulness  of  the  mineral  tale  are  white-' 
ness  when  ground  and  fired,  softness  and  smoothness, 
good  lubricating  power,  chemical  inertness,  a  high  fusion 
point,  low  electrical  conductivity,  and  high  absorption 
of  certain  types  of  greases  and  oils. 

In  current  industrial  usage  the  term  "steatite"  ordi- 
narily is  applied  to  high-purity  talc  whose  maximum 
allowable  proportions  of  CaO,  Fe203,  and  AI2O3  are  1.5 
percent,  1.5  percent  and  4.0  percent  respectively,  and 
which  is  suitable  for  use  as  an  ingredient  in  the  manu- 
facture of  high-frequency  electrical  insulators  (Kline- 
felter, etal.,  1945). 

Talcose  rock  from  which  bodies  can  be  machined  is 
known  by  the  general  terms  "block  talc,"  or  "lava." 
"Block  steatite  tale"  is  block  talc  that  meets  steatite 
specifications.  A  small  tonnage  of  massive  chlorite,  which 
resembles  blocky  talc  in  its  physical  appearance,  is  mined 
in  California  under  the  general  designation  of  talc.  The 
term  ' '  soapstone, "  as  most  commonly  used,  refers  to  a 
blocky  material  rich  in  the  mineral  talc,  but  containing 
impurities  that  prevent  its  use  as  a  high-grade  commer- 
cial talc. 

The  name  "hard  talc"  commonly  is  applied  by  miners 
in  California  to  commercial  talc  that  contains  a  high  pro- 
portion of  tremolite,  whereas  "soft  talc"  is  applied  to 
crumbly  talc  schist  of  high  quality.  Ground  and  bagged 
commercial  talcs  ordinarily  are  referred  to  by  trade 
names,  and  most  of  them  consist  of  blends  of  several 
types  of  crude  commercial  tale.  As  tales  also  are  desig- 
nated by  the  use  to  which  they  are  best  suited,  such 
terms  as  "paint  talc,"  "ceramic  talc"  and  "cosmetic 
talc"  are  widely  applied  to  crude  materials  as  well  as  to 
milled  and  blended  products. 

General  Geology.  Most  deposits  of  commercial  tale 
are  alterations  of  high-magnesian  rocks,  principally  dolo- 
mite, dolomitic  limestone,  and  ultrabasic  igneous  rocks, 
but  in  a  few  areas  mineable  concentrations  of  talc  have 
formed  as  alterations  of  other  rocks  including  quartzite, 
granite,  and  low-magnesium  limestone. 

The  alteration  of  ultrabasic  igneous  rocks  to  talc 
involves  essentially  the  hydration  of  olivine  and  pyroxene 
to  hydrous  magnesium  silicate  minerals  of  which  talc 
ordinarily  appears  to  be  the  last  to  form.  The  mineral 
serpentine  commonly  forms  as  an  intermediate  product 
in  this  progressive  hydration.  In  some  deposits  the  addi- 
tive water  appears  to  have  originated  in  the  ultrabasic 
magma  itself;  in  others  it  may  have  been  derived  from 
other  intrusive  bodies  at  depth.  Talc  deposits  associated 
with  ultrabasic  rocks  occur  in  the  eastern  United  States 
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Talc  and  Soapstone — Wright 
Corbonate      member 
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•Upper     sedimentary 
units,    mostly     quortzite 


Non  -  commerciol 
siiicoted     rocks 


Commercial     body    of 
talc  -  tremolite    rock 


Diabase 


/  / 


/ 


/ 


Lower      sedimentary 
units,  mostly     quortzite 
and    orgillit  e. 


Scale     in    Feet 


FiGUBE  3.     Idealized  section  through  talc-bearing  rocks  typical  of  those  in  the  southern  Death  Valley-Kingston  Range  region. 
All  rock  units  belong  to  the  later  pre-Cambrian  Crystal  Spring  formation. 


Irom  Vermont  southward  to  North  Carolina,  in  Wash- 
ington, and  in  northern  and  central  California.  They 
uenerally  are  of  the  soapstone  variety. 

The  alteration  of  carbonate  strata  to  talc  has  occurred 
in  various  geologic  environments.  Many  of  the  larger 
deposits  of  this  type  exist  in  regionally  metamorphosed 
tciTanes  in  which  the  mineral  talc  has  formed  at  a  late 
■~tage  of  lowered  temperature.  In  such  deposits  the  talc 
lommonly  has  replaced  tremolite  which  developed  during 
an  intermediate  stage  in  the  alteration.  Deposits  of  this 
lype  occur  in  the  Gouverneur  district  of  northern  New 
N'ork  State  and  in  the  Silver  Lake-Yucca  Grove  area  of 
^an  Bernardino  County,  California. 

Other  tale  deposits  have  formed  as  alterations  of  rela- 
j  lively  unmetamorphosed  carbonate  strata  and  contain 
'little  or  no  material  composed  of  other  magnesium  sili- 
'Hte  materials.  In  California,  most  of  the  deposits  of 
steatite-grade   talc,   which   occur   in   or   near   the    Inyo 


Mountains  of  central  and  northern  Inyo  County,  are  of 
this  type.  Still  other  deposits  that  have  altered  from  car- 
bonate strata  occur  as  contaet-metamorphic  bodies  along 
or  near  the  margins  of  diabase  sills  or  dikes.  Very  large 
talc-tremolite  bodies  of  this  type  occur  in  the  southern 
Death  Valley  and  Kingston  Range  region  of  California. 

The  alteration  of  limestone,  dolomite,  quartzite  or  gra- 
nitic rocks  to  talc  involves  enrichment  in  magnesium,  but 
the  manner  in  which  such  enrichment  takes  place  is  not 
everywhere  clear.  Many  of  the  deposits  appear  to  have 
derived  magnesia  from  nearby  high-magnesium  sedimen- 
tary rocks.  Other  possible  sources  of  magnesia  for  some 
of  the  deposits  are  magmas  of  acidic  to  basic  composition 
and  groundwater  that  existed  in  the  original  sedimentary 
rocks.  Magnesia  enrichment  in  some  deposits  may  have 
occurred  by  the  removal  of  CaO  and  COo  from  dolomite. 
The  silica  necessary  to  form  the  magnesium  silicate  min- 
erals, in  many  places,  appears  to  have  been  a  constituent 
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GENERALIZED       INDEX      MAP     OF     THE 

INYO       MOUNTAINS   - 
NORTHERN       PAN  AM  INT      RANGE 
TALC    -    BEAR  ING     REGION 

EXPLANATION 


Tertiary    ond    Quaternary 

sedimentary   and    volcanic 

rocks,   undivided 


Pre-  Teftiory     sediment- 
ory    and    metomorphic 
rocks,   undivided 


Ordovicion    and    Si<urion 

lak  -  bearing    sediment  - 

ary     rocks,    undivided 


I  Long    Horn     mine 

2.  Nikoious    (  Eureka   Volley)  n 

3.  Blue    Star    mine 

4.  Blue   Stone    mine 

5.  Willow    Creek    mine 

6.  White    Eoglt   mine 


IIS'OO"  IIT»49* 

TALC         MINES        AND         PROSPECTS 

7.    Doris    Dee    prospect  I4.     Bonnam    ( Wttite  Mountoin)     20.    Powderpulf    prospect 

mine 
6.    Groy   Eagle    (   Rogers,  Eleanor )       l5.     Alberta   ond    Florence 

mine  mines 

9.    Kildermon    mine  16      Moss    mine 

10.  Homestake    prospect  17      Bronson    prospect 

11.  Ubehebe    (  Stone  pencil  )  mine         16.     Skinner    mine 

12.  White    Horse    mine  19.     Ltnbeck  mine 


13.    Gold    Belt    (  Ouockenbusti  ]   mine 


21.  Lokeview    mine 

22.  Eclipse    mine 

23.  White    Swon   m 

24.  Smith    mine 

25.  Viking    mint 
26  Trinity   mine 


27.  Frisco    mine 

28.  Talc    C.ty    mine 

29.  Bob    Cot    prospects 

30.  Silver    Dollor    mine 

31.  Alliance    ond    Irish  mines 

32.  Victory    mine 


Figure  4.  Map  of  the  Inyo  Mountains-northern  Panamint  Range  region  showing  the  distribution  of  the  principal  rock  units  and  the 
location  of  talc  mines  and  prospects.  Geology  modified  from  the  Death  Valley  and  Bakersfield  sheets  of  the  State  Geologic  Map,  California 
Div.  Mines,  1955,  and  from  the  original  sources  as  shown  on  these  sheets. 
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"1:  the  original  rock;  in  other  places  it  appears  to  have 
been  introduced  hydrothermally. 

Deposits  of  the  Southern  Death  Valley-Kingston 
Range  Region,  Inyo  and  8a7i  Bernardino  Counties. 
About  two-thirds  of  the  annual  output  of  talc  in  Cali- 
fornia is  obtained  from  the  region  that  extends  from  the 
southern  part  of  Death  Valley  eastward  to  the  Kingston 
K'iinge,  and  lies  in  both  Inyo  and  San  Bernardino 
Counties  (fig.  2).  Here  talc  is  confined  to  the  Crystal 
"Spring  formation  which  is  the  lowest  of  the  three 
formations  that  comprise  the  Pahrump  series  of  later 
!>  re-Cambrian  age.  In  its  typical  development  this  for- 
mation is  about  4,000  feet  thick  and  consi.sts  o£  mildly 
metamorphosed  sedimentary  rocks  intruded  by  diabase 
-ills  (fig.  3). 

The  lower  1,000  feet  of  the  formation  is  composed  of 
■  luartzite  and  argillite.  A  carbonate  member,  which  ordi- 
narily coii'iists  mostly  of  dolomite  and  commonly  is 
•herty,  occupies  a  several-hundred-foot  thickness  near 
the  center  of  the  formation  and  is  overlain  by  an  addi- 
tional several  hundred  feet  of  both  carbonate  and  non- 
'■arbonate  strata.  Most  of  the  diabase  is  confined  to  sills 
that  lie  immediately  below  or  immediately  above  the 
■tirbonate  member.  The  lower  sill  appears  to  be  a  con- 
tinuous body  throughout  this  tale-bearing  region  and 
is  the  one  that  is  associated  with  all  of  the  talc  bodies 
of  proved  commercial  interest. 

These  talc  bodies  are  alterations  of  the  lowest  strata 
111  the  carbonate  member  and  most  of  them  are  in  eon- 
tact  with  and  above  the  diabase  sill.  Some  exist  as  septa 
within  the  sill,  others  lie  below  the  sill,  and  still  others 
lie  above  the  sill,  but  are  separated  from  it  by  non-car- 
l>iniate  strata. 

Silication  is  shown  along  nearly  all  of  the  contacts 
!iotween  the  lower  parts  of  the  carbonate  member  and 
the  lower  sill,  but  bodies  of  commercial  talc  that  can  be 
•  tisily  mined  are  less  widespread.  In  some  places,  the 
-ilication  has  been  too  weak  to  produce  deposits  of  com- 
mercial interest;  in  other  places  the  talc  bodies  are  too 
tlioroughly  faulted  to  be  economically  mined.  At  about 
L'!l  localities,  however,  active  mining  operations  have 
developed  bodies  of  commercial  talc  that  are  essentially 
itact  and  range  from  500  to  5,000  feet  long  and  from 
'I  to  nearly  100  feet  wide.  Such  deposits,  occur  in  the 
\\'arm  Spring  Canyon-Galena  Canyon  area  of  the  south- 
■astern  part  of  the  Panamint  Range,  in  the  Saratoga 
.iiid  Ibex  Hills,  low  on  the  north  flank  of  the  Avawatz 
Mountains,  in  the  Alexander  Hills,  and  in  the  Kingston 
liange.  Inactive  talc  mines  and  prospects  occur  in  the 
northern  part  of  the  Owlshead  Mountains,  in  the  Silu- 
lian  Hills  and  in  the  southern  Amargosa  Valley. 

Although  the  mineralogic  composition  of  the  commer- 
•ial  tale  differs  from  deposit  to  deposit  and  from  place 
to  place  within  individual  deposits,  all  of  the  deposits 
oiitain  unusually  white,  fine-grained  material  whose 
iton  oxide  content  consistently  is  less  than  one  percent 
iiul  whose  carbonate  content  (dolomite  and  ealcite)  or- 
Minarily  lies  in  the  range  of  3  to  10  percent.  The  mag- 
iii'sium  silicat'^  minerals  consist  of  talc,  tremolite  and 
subordinate  serpentine  and  are  mixed  in  various  propor- 
I  ions.  Commonly,  talc  or  tremolite  predominates  to  the 
\  irtual  exclusion  of  the  other.  A  thinly  laminated  talc- 
lich  or  tremolite-rich  rock  occupies  the  lower  half  of 
many  of  the  deposits  that  lie  above  the  diabase.  Else- 


where, the  commercial  talc  ranges  from  schistose  and 
friable  to  blocky  and  tough.  A  reddish  alteration  rock, 
rich  in  sericite,  quartz,  and  alkali  feldspar,  commonly 
occurs  as  elongate  masses  within  the  deposits  or  border- 
ing them. 

The  largest  individual  body  that  has  been  developed 
to  date  is  at  the  Western  mine  in  the  Alexander  Hills. 
It  is  about  5,000  feet  in  exposed  length,  10  to  80  feet 
wide,  and  has  been  explored  down-dip  for  about  350 
feet.  The  talc-bearing  zone  in  the  Warm  Spring  Canyon 
area  appears  to  be  even  larger,  but  has  been  cut  by  cross- 
faults  into  several  en  echelon  bodies.  Other  operations 
where  deposits  of  commercial  talc  are  continuous  through 
distances  of  1,000  or  more  feet  are  the  Death  Valley 
mine  in  Galena  Canyon  of  the  Panamint  Range;  the 
Eclipse  mine  in  the  Ibex  Hills;  the  Excelsior  mine  in 
the  northeast  part  of  the  Kingston  Range;  the  Sheep 
Creek  mine  low  on  the  north  slope  of  the  Avawatz  Moun- 
tains; and  the  Superior  mine  in  the  Alexander  Hills. 
Deposits  of  less  lateral  extent,  but  which  have  supported 
continuing  mining  operations,  exist  at  the  Ibex  and 
Monarch  mines  in  the  Ibex  Hills,  the  Pongo  mine  in  the 
Saratoga  Hills,  the  Acme  and  Booth  mines  in  the  Alex- 
ander Hills,  and  the  Smith  mine  in  the  Kingston  Range. 

Deposits  of  the  Inyo  Mountains—Northern  Panamint 
Range  Region,  Inyo  County.  Nearly  all  of  the  tale  of 
steatite  grade  and  much  of  the  non-steatite  talc  that  have 
been  produced  in  California  have  been  obtained  from  a 
region  in  central  Inyo  County  that  embraces  the  Inyo 
Mountains  and  the  northern  part  of  the  Panamint  Range 
(fig.  4).  The  talc  deposits  of  this  region  have  altered 
from  Paleozoic  sedimentary  rocks  and  locallv  from  Mcso- 
zoic  granitic  rock.  These  deposits,  which  generally  are 
smaller  and  more  irregular  than  those  of  the  southern 
Death  Valley-Kingston  Range  region,  have  formed  mainly 
along  fractured  and  sheared  zones  in  dolomite  of  the 
Lower  Ordovician  Pogonip  formation,  the  Middle  Ordovi- 
cian  Eureka  quartzite,  the  Upper  Ordovician  Ely  Springs 
dolomite,  and  dolomite  and  quartzite  of  Silurian  age. 

Talcose  zones  (fig.  5)  are  most  abundant  along  major 
contacts,  especially  those  between  quartzite  and  dolomite, 
and  the  talc  ordinarily  has  replaced  both  rocks.  The 
deposits  that  have  replaced  granitic  rock  occur  in  areas 
where  these  other  types  also  exist.  Many  of  the  deposits 
are  closely  associated  with  bodies  of  a  punky,  limy  rock 
which  originally  was  dolomite  and  from  which  most  or 
all  of  the  magnesia,  added  to  form  the  talc,  appears 
to  have  been  derived. 

The  mined  material  ranges  in  color  from  dark  gray 
through  pale  green  to  white,  is  fine-grained,  and  consists 
predominantly  of  the  mineral  talc.  Indeed  the  chemical 
composition  of  much  of  the  material,  when  selectively 
mined  and  sorted,  approaches  that  of  the  pure  mineral. 
The  principal  impurities  are  carbonates  (mainly  as 
fracture-finings)  and  iron  oxides.  These  are  abundant 
enough  to  cause  much  of  the  mined  tale  to  be  of  sub- 
steatite  grade.  As  much  of  the  darker  colored  talc  from 
this  region  fires  nearly  white,  a  dark  color  is  not  neces- 
sarily an  objectionable  property. 

The  largest  and  most  continuously  active  talc  mining 
operation  in  this  region  is  the  Talc  City  mine  (fig.  6)  in 
low  hills  at  the  southern  end  of  the  Inyo  Mountains.  This 
mine  has  yielded  talc  mainly  from  three  bodies,  two  of 
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Figure  5.     Idealized  sections  through  talc  deposits  typical  of  those  in  the  Inyo  Mountains.  Much  of  the  talc  that  occurs 
in  this  manner  is  of  steatite  grade.  Modified  in  part  after  Page,  1951. 
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Deposits  are  in  highly  deformed  carbonate  strata  of  Ordovician  age. 
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Figure  7.  Photo  of  part  of  the  east  slope  of  the  Inyo  Mountains,  showing  some  of  the 
numerous  shallow  workings  that  comprise  the  White  Mountain  talc  mine.  These  workings  have 
developed  discontinuous  and  irregular  deposits,  which  consist  largely  of  steatite-grade  talc 
and  which  occur  in  carbonate  rocks  and  quartzite  of  Silurian  age.  Upper  Paleozoic  rocks  are 
exposed  in  the  cliff  behind  the  mine. 


■which  are  elongate,  steeply  dipping  lenses,  each  500  to 
1,000  feet  long  and  50  feet  in  maximum  width.  The  Talc 
City  deposits  are  enclosed  mainly  in  dolomitic  limestone 
of  Ordovieian  age.  One  of  the  lenses  has  been  mined 
down-dip  to  a  maximum  of  about  450  feet;  the  other 
apparently  is  much  shallower.  The  second  most  produc- 
tive talc-bearing  area  in  the  Inyo  Mountains  comprises 
a  2-mile  belt  in  the  southeast  part  of  the  mountains.  The 
deposits  have  been  developed  by  a  group  of  small  work- 
ings known  collectively  as  the  Bonham  operations  and 
embracing  three  principal  mines,  the  White  Mountain 
(fig.  7),  Florence  and  Alberta.  The  Bonham  deposits 
individually  are  smaller  but  much  more  numerous  than 
those  at  the  Tale  City  mine,  and  are  largely  or  wholly 
replacements  of  dolomite  and  quartzite  of  Silurian  age 
(C.  W.  Merriam,  personal  communication,  1951). 

The  rest  of  the  talc  output  of  the  Inyo  Mountains — 
northern  Panamint  Eange  region  has  been  obtained 
mostly  from  the  Alliance  mine  in  the  Talc  City  area,  and 
the  Nicolaus  (Eureka)  and  White  Eagle  mine  in  the 
northeastern  and  east  slope  of  the  Inyo  Mountains  respec- 
tively. In  California,  only  the  White  Eagle  deposit  has 
yielded  large  tonnages  of  talc  that  has  altered  from  gra- 
nitic rock.  Relatively  undeveloped  deposits  that  appear 
to  have  substantial  reserves  exist  at  the  Gray  Eagle  mine, 
on  the  west  face  of  the  Inyo  Mountains  and  at  the  Ube- 
hebe  mine  in  the  northern  Panamint  Range. 

The  massive  chlorite,  noted  above,  is  obtained  from  the 
Frisco  mine  which  is  near  the  Talc  City  mine  and  has  a 
similar  geologic  setting.  The  chlorite  has  altered  from 


acidic  or  intermediate  dikes  and  is  associated  with  tale 
that  has  altered  from  dolomite. 
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Figure  8.  Index  map  showing  the  talc  mines  of  the  Silver 
Lake-Yucca  Grove  area  and  Dunn  Siding,  the  shipping  point  for 
most  of  the  talc  mined  in  southern  Inyo  County  and  San  Bernar- 
dino County.  Relationship  of  this  area  to  the  areas  of  figures  2  and 
3  is  shown  in  inset. 
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Figure  9.     Idealized  cross-section  through  Silver  Lake  talc-bearing  area,  San  Bernardino  County. 


Deposits  of  the  Silver  Lake — Yucca  Grove  Area,  San 
Bernardino  County.  A  12-mile  belt  (fig.  8)  that  extends 
eastward  from  the  vicinity  of  the  Silver  Lake  playa  to 
the  settlement  of  Yucca  Grove  in  northeastern  San  Ber- 
nardino County,  contains  talc  deposits  that  contrast 
markedly  with  those  in  the  districts  noted  above.  These 
more  southerly  deposits  (fig.  9)  occur  as  lenses  in  a  ter- 
rane  composed  mainly  of  early  (?)  pre-Cambrian  meta- 
sedimentary  and  intrusive  rocks  (Wright,  1954).  They 
appear  to  be  selective  replacements  of  certain  dolomitic 
strata  and  show  a  complex  metamorphism  that  involved 
an  early  and  nearly  complete  tremolitization  probably 
concurrent  with  the  emplacement  of  large  bodies  of  gra- 
nitic rock.  The  tremolite  rock  ordinarily  shows  a  decus- 
sate texture.  Concentrations  of  mineral  talc  developed 
later  and  mostly  in  the  form  of  schistose  masses  along  the 
margins  of  the  tremolite  bodies.  Most  of  the  talc  schist 
and  the  tremolitic  rock  are  snowy  white  and  medium- 
to  coarse-grained.  Forsterite  grains  and  serpentine  vein- 
lets  are  abundant  in  a  darker  phase  of  the  tremolitic 
rock. 

Most  of  the  talc  mined  in  the  Silver  Lake-Yucca  Grove 
area  has  been  obtained  from  a  group  of  workings  known 
collectively  as  the  Silver  Lake  mine  (Wright,  1954)  and 
discontinuously  distributed  along  a  2-mile  zone.  Within 
this   zone   the   mineable   talc   bodies   show   an   average 


thickness  of  about  10  feet  and  range  in  length  from 
a  few  tens  of  feet  to  as  much  as  800  feet.  Most  of  the 
mine  workings  have  encountered  two  parallel  bodies 
about  15  feet  apart  and  enclosed  in  feldspar-diopside- 
quartz-calcite  hornfels.  The  deepest  workings  are  on  the 
longest  of  the  exposed  bodies  and  extend  down-dip  for 
about  260  feet  to  a  level  where  the  body  appears  to 
terminate  against  granitic  rock. 

Deposits  similar  to  those  at  the  Silver  Lake  mine  occur 
at  the  Yucca  Grove,  Calmasil,  and  Yucca  mines  near 
Yucca  Grove,  but  have  been  less  extensively  worked. 

Deposits  of  the  Sierran  Foothill  Belt.  Numerous  de- 
posits of  soapstone  are  associated  with  the  serpentine 
bodies  of  the  western  foothills  of  the  Sierra  Nevada  (see 
serpentine  map  in  chromite  section  of  this  volume).  As 
the  deposits  are  alterations  of  the  serpentine,  they  gen- 
erally retain  several  percent  iron  which  causes  the  soap- 
stone  to  grind  and  fire  to  darker  colors  than  do  the 
higher-quality,  essentially  iron-free  talcs.  Individual  de- 
posits rarely  are  more  than  50  feet  in  width  and  400 
feet  long,  but  together  they  constitute  a  soapstone  re- 
serve of  many  millions  of  tons  that  can  be  mined  by 
surface  methods.  Only  a  very  small  proportion  of  the 
deposits  has  been  developed,  as  the  demand  for  soap- 
stone  has  been  limited  and  has  been  met  by  operations 
generally  no  more  than  5  miles  away  from  rail  facilities. 
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Such  deposits  have  contributed  several  hundred  to  sev- 
<va.\  thousand  tons  of  soapstone  annually  for  many  years 
,iiid  had  a  combined  recorded  output  of  about  90,000 
Ions  through  1955.  Nearness  to  markets  and  inexpensive 
mining  have  favored  their  development. 

Since  1895,  soapstone  production  has  been  recorded 
from  17  properties  in  seven  Sierran  foothill  counties. 
Previously,  soapstone  had  been  mined  in  this  area  and 
used  as  dimension  stone,  but  specific  data  on  this  earlier 
production  are  not  available.  Most  operations  were  small, 
and  few  continued  for  periods  greater  than  10  years. 
The  longer-lived  operations  include  the  McLean  mine  in 
Butte  County  and  three  operations  in  El  Dorado  County 
— the  Swift  mine  and  the  Pacific  Minerals  mine,  both 
near  Latrobe;  and  the  Prouty  mine  near  Shingle 
Springs.  Only  the  Pacific  Minerals  Company  mine  has 
been  continuously  active  in  recent  years. 

Other  soapstone  properties  that  have  been  active  at 
one  time  or  another  since  1925,  include  one  in  Butte 
County,  two  in  Calaveras  Count}',  three  in  El  Dorado 
County,  one  in  Tulare  County,  two  in  Tuolumne  County, 
and  five  in  Amador  County. 

Miscellaneous  Deposits.  Taleose  material  has  also 
leen  produced  from  several  other  deposits  scattered 
throusrhout  the  state.  Talc  deposits  on  Santa  Catalina 
Island,  which  were  worked  in  the  eighteen-nineties,  are 
among  the  first  for  which  there  is  a  recorded  output. 
Since  1917,  soapstone  has  been  mined  intermittently 
from  the  Katz  deposit  near  Acton,  Los  Angeles  County. 
Since  1940  small  tonnages  of  steatite-grade  talc  have 
been  obtained  from  the  Ganim  mine,  a  gold  property 
near  Schilling,  Shasta  County.  The  talc  bodies  at  the 
Ganim  mine  are  in  an  altered  zone  in  meta-andesite. 

Mining  Methods.  The  talc  mines  of  California  are 
largely  underground  operations,  although  most  of  the 
soapstone  production,  as  well  as  a  small  proportion  of 
the  talc  output  from  the  eastern  belt,  has  been  obtained 
by  .surface  methods.  In  common  practice,  ordinary 
blasting  techniques  are  used  and  the  deposits  are  devel- 
oped first  by  shallow  drift-adits  and  then  by  inclined 
shafts  sunk  along  or  near  the  talc  body.  Drifts,  spaced 
at  50-foot  to  100-foot  intervals  along  the  shafts,  follow 
the  talc  bodies.  The  drifts  are  joined  by  raises  which 
are  enlarged  into  stopes.  The  pillars  are  left  large  in 
"heavy  ground."  The  talc  is  fed  by  gravity,  commonly 
with  the  aid  of  slushers  and  jackhammers  with  spade 
bits,  into  ore  cars  which  generally  are  trammed  by  hand. 
In  some  of  the  larger  mines  mucking  machines  are  em- 
ployed in  driving  the  level  workings. 

In  1955,  diesel  rock-moving  equipment  was  introduced 
at  the  principal  workings  of  the  Grantham  (Warm 
Spring)  mine  which  formerly  had  been  developed  by 
conventional  methods.  By  means  of  a  Michigan  shovel 
loader,  the  talc  is  placed  on  a  Koehring  Dumptor  truck 
and  hauled  to  the  surface  through  a  10°  inclined  shaft. 
To  accommodate  the  two  diesel  engines  underground, 
a  high-capacity  ventilating  system  was  installed. 

Some  deposits  have  required  little  timbering,  but  at 
others,  especially  those  that  are  wide  and  contain  abun- 
dant talc  schist  along  irregular  hanging  walls,  timbering 
has  been  a  major  expense.  Square-set  timbering  has  been 
used  at  several  mines  with  unusually  large  stopes.  Roof- 


bolting  techniques  have  been  employed  increasingly  in 
recent  years. 

Treatment.  In  California,  as  elsewhere,  most  talc  is 
prepared  for  market  by  means  of  a  preliminary  crushing 
in  jaw  or  rotary  crushers  and  then  grinding  in  roller 
mills  in  closed  circuit  with  air  separators  (fig.  10).  This 
procedure  yields  talc  as  finely  ground  as  99.9  percent 
through  325  mesh.  Some  mills  also  are  equipped  with 
fluid  energy  grinding  mills,  known  as  micronizers,  which 
produce  particle  sizes  in  the  range  of  20  to  less  than 
5  microns.  In  such  mills  comminution  is  produced  by 
the  means  of  mutual  bombardment  of  talc  particles  un- 
der the  pressure  of  jets  of  air  or  steam. 

Very  little,  if  any,  block  talc  from  California  is  now 
machined  on  a  commercial  basis,  although  in  recent  years 
small  quantities  of  marking  crayons  have  been  made 
from  talc  mined  in  Los  Angeles  County.  Although  com- 
mercial talcs  have  proved  amenable  to  beneficiation,  the 
wide  variety  and  availability  of  talc  in  California  has 
made  such  practices  unnecessary  here. 

Utilizatio7i.  Of  the  118,288  tons  of  talc  and  soapstone 
that  were  mined  in  California  in  1953,  about  65  percent 
was  vised  as  a  ceramic  raw  material  and  about  15  per- 
cent as  a  paint  extender.  In  recent  years  from  1,000  to 
5,000  tons  of  California  talc  has  been  consumed  an- 
nually in  each  of  the  following  additional  applications: 
filler,  lubricating  and  calendering  agent  in  paper  manu- 
facture, filler  and  lubricant  in  rubber  manufacture, 
polishing  and  coating  agent  in  the  preparation  of  rice, 
sizing  for  textiles,  an  ingredient  in  toilet  and  pharma- 
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Figure  10.  Flow  sheet  of  a  typical  talc  grinding  mill.  The  bag 
house  material  either  is  bagged  and  sold  separately,  or  is  fed  back 
into  the  circuit  to  become  part  of  a  finely  ground  commercial  talc. 
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ceutical  preparations,  filler  in  asphalt,  and  an  insecticide 
carrier.  Smaller  tonnages  are  consumed  in  many  minor 
uses.* 

The  ceramic  industry  requires  talcs  that  form  well 
when  the  bodies  are  cast  or  pressed,  that  are  uniform 
enough  to  assure  a  continuing  uniformity  in  the  di- 
mensions of  the  finished  products,  and  that  fire  white 
or  nearly  so.  In  wall  tile  manufacture,  the  principal 
ceramic  use,  mixtures  containing  60  to  75  percent  talc 
and  40  to  25  percent  clay  are  ordinarily  employed  in 
California  plants.  The  mixture  is  moistened,  pressed 
into  bisques,  and  fired  in  the  range  of  2100°  P.  to 
2200°  F.  The  dimensions  of  the  finished  tile  must  con- 
form closely  to  standard  size  specification.  Most  4i-inch 
by  4J-inch  flat  tile,  for  example,  must  fire  within  the 
4.240-inch  to  4.255-inch  range.  Before  the  mid-1930 's 
wall  tile  bodies  contained  mostly  feldspar  and  clay,  but 
the  use  of  talc  in  place  of  feldspar  has  become  wide- 
spread. This  practice  has  virtually  eliminated  the  de- 
layed development  of  minute  cracks  known  as  crazing. 

Most  of  the  wall  tile  manufacturers  in  California  pre- 
fer talc  with  a  high  tremolite  content  and  all  require 
talcs  that  are  free  of  discoloring  impurities  such  as  iron 
oxides  and  manganese  oxides  that  produce  dark  spots 
on  the  finished  bodies  and  in  the  glaze.  The  tremolite 
is  said  to  prevent  a  spalling  which  commonly  develops 
during  the  firing  of  tremolite-free  bisques.  Several  per- 
cent of  carbonate  material  is  tolerated.  In  California,  the 
talcs  used  in  wall  tile  manufacture  are  obtained  in  the 
southern  Death  Valley-Kingston  Range  region  and  Silver 
Lake- Yucca  Grove  area.  These  are  rather  coarsely  ground 
so  that  92  to  98  percent  passes  through  a  200-mesh 
screen. 

The  talc-rich  raw  material  used  in  the  manufacture 
of  electrical  insulators  contains  70  to  90  percent  of 
steatite-grade  talc;  the  remainder  consists  of  clay  and 
small  increments  of  alkaline  earth  oxides  or  carbonates 
and  a  gum.  The  insulator  bodies,  which  are  of  many 
shapes  and  sizes  are  pressed  or  extruded  and  fired  at 
temperatures  in  the  range  of  2250°  F.  to  2450°  F. 

Whether  or  not  a  talc  is  of  steatite  grade  is  determined 
when  it  is  accepted  or  rejected  by  insulator  manufac- 
turers, but  most  non-steatite  talc  can  be  recognized  by 
obvious  impurities.  Some  talc,  however,  which  appears 
similar  to  steatite  and  is  of  steatite  purity,  is  not  accepted 
for  insulator  manufacture  because  it  fires  off-color,  or 
off-size,  or  has  improper  forming  properties.  Much  of  this 
near-steatite  talc  could  be  used  as  insulator  material  in 
an  emergency,  either  straight  or  blended  with  talc  of 
established  steatite  grade.  As  noted  above,  most  of  the 
tale  of  steatite  or  near-steatite  grade  that  has  been  mined 
in  California  has  been  obtained  from  the  Inyo  Mountains 
region  for  insulator  manufacture.  It  is  ground  to  permit 
99.5  to  99.7  percent  to  pass  through  a  200-mesh  screen. 

Although  insulators  manufactured  from  ground  talc 
generally  have  replaced  the  bodies  machined  from 
block  steatite,  small  quantities  of  block  steatite  are  still 
required  in  the  manufacture  of  spacers  for  power  vacuum 
tubes.  This  is  obtained  from  foreign  sources  as  no  suit- 
able domestic  sources  are  known,  and  operators  state 

•  The  above  usage  data  were  supplied  by  Mr.  R.  B.  Maurer,  Chief, 
Mineral  Industry  Division,  Region  III,  U.S.  Bureau  of  Mines. 
Much  of  the  following  data  on  specifications  was  obtained  from 
R.  S.  Lamar,  Director  of  Research,  Sierra  Talc  and  Clay  Com- 
pany. 


that  the  steatite  deposits  in  California  are  too  highly 
fractured  to  yield  block  steatite  on  a  commercial  basis. 
Recent  experiments  in  the  development  of  built  up 
block  steatite,  utilizing  ground  steatite  and  a  phosphate 
(Comeforo,  et  al.,  1954)  or  magnesium  oxychloride 
bonding  agent  (Hamlin  and  Klinefelter,  1956),  and  in 
the  development  of  phosphate-bonded  synthetic  mica 
products  (Comeforo,  et  al.,  1953),  may  provide  adequate 
substitutes  for  block  steatite. 

Several  varieties  of  the  commercial  talc  mined  in  Cali- 
fornia are  marketed  for  use  as  paint  extenders.  These 
are  mainly  materials  from  the  southern  Death  Valley- 
Kingston  Range  region  that  range  from  tremolite-poor 
to  tremolite-rich  and  contain  several  percent  of  carbo- 
nate material,  but  they  also  include  talc  of  steatite  or 
near-steatite  grade  from  the  Inyo  Mountains  region.  AH  1 
paint  talcs  must  grind  white  or  nearly  so.  Particle  shapej 
and  fineness  of  grinding  also  are  important  factors  ii 
fitting  a  talc  to  a  type  of  paint. 

Talc  is  a  desirable  paint  extender  largely  for  the  fol- 
lowing reasons:  (1)  it  causes  a  low  settling  rate  in  the|! 
mixed  paint,    (2)   its  micaceous  and  acicular  particles; 
promote  durability,    (3)    it  permits  the  paint  to  flow« 
readily  and  smoothly,  and  (4)  it  aids  in  the  dispersion^ 
of  pigments  (Lamar,  1952).  Commercial  talcs  from  the'' 
southern   Death   Valley-Kingston   Range   region,   when 
ground  to  99  percent  minus  325  mesh,  are  used  in  outside   i 
house  paints  with  a  linseed  oil  base.   The  same  talcs  ■' 
ground  to  minus  15  microns  or  finer,  are  used  in  indus- 
trial enamels  in  order  to  control  gloss.  Similarly  ground 
talcs  of  steatite  or  near-steatite  grade  are  used  in  emul- 
sion paints. 

The  California  talcs  that  are  used  by  the  paper 
industry  are  of  the  steatite  or  near-steatite  varieties. 
When  ground  to  99  percent  minus  325  mesh,  they  are 
as  a  lubricating  and  calendering  agent  for  high-quality 
paper  and  are  applied  as  the  paper  is  passed  through 
highly  polished  steel  rollers.  When  ground  to  99  percent 
minus  5  microns,  they  are  employed  as  ingredients  to 
give  opacity  and  brightness  to  the  highest-quality  paper. 

The  rubber  industry  uses  talc  mostly  as  a  lubricant 
which  is  applied  either  as  dry  powder  or  in  a  water 
suspension.  For  this  use  off-color  talcs  from  the  Inyo 
Mountains  region,  that  otherwise  resemble  tale  of  steatite 
grade,  are  generally  ground  to  99.5  minus  200  mesh. 

In  the  preparation  of  rice,  talc  of  near-steatite  grade 
which  is  ground  to  99  percent  minus  325  mesh,  is  (1) 
used  as  a  polish  to  remove  the  outer  hull  from  the  rice  j 
grain  and  (2)  mixed  with  starch  to  provide  a  coating  - 
for  the  grain.  The  textile  industry  employs  similarly 
ground  but  lower  quality  talc  as  a  sizing  in  cotton  fab- 
rics. For  this  use  white  talc  with  a  minimum  of  abrasive 
constituents  is  desired. 

Face  powders  and  pharmaceuticals  require  light-col- 
ored,  chemically  pure  talc  of  the  highest  quality.  For  | 
face  powder  it  must  have  uniform  color  tinting  strength. 
Grinds  for  these  uses  range  from  96  percent  through 
200  mesh  to  99.9  percent  through  325  mesh. 

In  California,  the  talcs  used  as  asphalt  filler  and  insec- 
ticide carriers  are  mostly  of  the  soap.stone  type,  as  off- 
color  material  is  acceptable  for  such  use,  and  low-cost 
open-pit  mining  permits  competition  with  other  com- 
parably priced  fillers  and  carriers.  For  these  uses  the 
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soapstone  is  ground  to  sizes  in  the  range  of  92  to  95  per- 
cent through  325  mesh. 

Steatite-grade  block  tale  is  not  produced  in  California, 
but  insulator  bodies  have  been  machined  in  the  past,  talc 
crayons  have  been  manufactured  from  time  to  time,  and 
talc  dimension  stone  and  refractory  brick  also  have  been 
quarried  and  finished  in  the  state. 

Marketing.  Most  of  the  talc  mines  in  California  are 
operated  by  concerns  which  also  operate  mills  and  which 
market  ground  and  bagged  talc  either  directly  to  con- 
sumers or  by  means  of  jobbers.  Very  little  crude  talc  is 
sold  to  the  ultimate  consumers  as  they  generally  have 
no  grinding  facilities.  The  independent  owner  of  a  talc 
deposit  is  faced  with  several  alternatives:  to  mine  and 
attempt  to  sell  the  crude  material  to  concerns  with  mill- 
ing facilities  and  an  outlet  for  the  ground  material ;  to 
lease  or  sell  his  deposit  to  such  concerns;  to  have  the 
talc  custom  milled  and  attempt  to  market  the  ground 
product ;  or  to  purchase  or  construct  his  own  mill.  The 
two  iirst-named  practices  are  the  most  common  and  in- 
volve the  least  financial  risk. 

The  prices  paid  for  crude  talc  and  soapstone  at  the 
California  mines  ordinarily  are  arrived  at  by  negotia- 
tion between  the  mine  operators  and  the  concerns  with 
milling  facilities.  Factors  considered  include  the  cost  of 
transportation  to  the  mill  and  the  demand,  as  well  as 
the  quality  of  the  talc.  In  1955,  California  talcs,  exclu- 
sive of  soapstone,  were  valued  in  general  range  of  $8  to 
$15  per  ton  at  the  mines.  Crude  soapstone  was  being 
delivered  in  Los  Angeles  for  about  $5  per  ton.  In  1955, 
the  Los  Angeles  prices  for  ground  and  bagged  tales  were 
as  follows:  soapstone  and  other  talcs  used  mostly  as 
fillers,  $17  to  $20  per  ton;  ceramic  and  paint  talcs,  $30 
to  $32  per  ton;  steatite-grade  talc,  $35  to  $40  per  ton; 
iosmetic  and  pharmaceutical  talcs,  $35  to  $50  per  ton; 
'micronized"  talcs,  $50  to  $100  per  ton. 

Most  of  the  market  for  talc  mined  in  California  lies 
within  the  state,  but  many  thousands  of  tons  each  year 
ire  shipped  to  other  states  and  foreign  countries.  Most 
)f  the  electrical  insulator  manufacturers  that  use  Cali- 
ornia  steatite  are  on  the  east  coast ;  the  tale  for  textile 
sizing  is  marketed  mostly  in  the  southeastern  states; 
md  paint  talc  from  California  is  sold  throughout  the 
Jnited  States  and  Canada. 

History  of  Operations  in  California.  Soapstone  for 
itensils  and  ornaments  is  known  to  have  been  mined  by 
)re-historic  Indians  on  Santa  Catalina  Island,  Los  An- 
geles County.  As  early  as  the  mid-1800 's  soapstone  from 
ieposits  along  the  western  foothills  of  the  Sierra  Nevada 
ivere  used  by  white  settlers  for  building  and  ornamental 
itone  and  in  the  linings  and  foundations  of  furnaces, 
.ndians  also  are  said  to  have  mined  steatite  in  the  White 
VEountain  mine  area  and,  in  the  late  1800 's,  to  have  sold 
efractory  brick  to  the  operators  of  the  nearby  Cerro 
Jordo  mine.  Previously  to  1916,  the  recorded  production 
f  talc  in  California  had  never  exceeded  2,000  tons  per 
i^ear  and  consisted  mostly  of  low-quality  materials  mined 
n  the  Sierra  Nevada  foothills  and  used  as  a  filler  in  rub- 
)er  and  roofing  as  well  as  for  dimension  stone. 

In  the  period  1912-1918,  however,  the  output  rose 
sharply  when  the  Talc  City,  Western,  and  Silver  Lake 
nines  in  the  eastern  part  of  the  state  were  put  into  op- 
iration  and  became  the  principal  sources  of  talc  in  Cali- 


fornia. The  Talc  City  mine  was  opened  as  a  source  of 
raw  material  for  machined  insulator  bodies  when  foreign 
sources  of  this  type  of  talc  were  cut  off  during  World 
War  I.  From  1916  to  1935,  the  state's  annual  talc  yield 
was  in  the  range  of  9,000  to  20,000  tons  as  markets  devel- 
oped in  the  paint,  cosmetic,  and  insulator  industries.  This 
output  was  obtained  mainly  from  the  three  mines  men- 
tioned above,  but  several  smaller  operations,  in  both  the 
Sierran  foothill  and  eastern  belts,  also  contributed.  These 
included  the  Amargosa,  Booth,  and  Eclipse  mines  in  the 
southern  Death  Valley-Kingston  Range  region. 

In  the  mid-1930 's  the  use  of  talc  as  a  wall  tile  ingre- 
dient became  widespread  and  the  value  of  talc  in  the 
manufacture  of  high-frequeney  electrical  insulators  was 
realized.  In  the  decade  1933-1943,  the  introduction  of 
these  uses  together  with  the  increased  consumption  of 
paint  and  wall-tile  in  California,  caused  a  marked  in- 
crease in  the  mining  activity  in  the  eastern  belt,  and  the 
production  of  talc  in  California  rose  from  about  15.000 
to  65,000  tons  per  year.  Among  the  larger  operations 
that  were  begun  during  this  period  were  the  Alliance, 
Florence,  White  Eagle  and  White  Mountain  mines  in  the 
Inyo  Mountain  region ;  the  Death  Valley  Excelsior,  Ibex, 
Monarch,  Superior,  Tecopa  (Smith),  and  Grantham 
(Warm  Spring)  mines  in  the  southern  Death  Valley- 
Kingston  Range  region ;  and  the  Calmasil  and  Yucca 
Grove  mines  in  the  Yucca  Grove  area. 

The  increase  continued  through  World  War  II  and 
into  the  post-war  period.  It  was  sustained  during  the 
war  mainly  by  the  demand  for  paint  and  tile  in  defense 
construction  and  by  the  need  for  great  numbers  of  high- 
frequency  insulators  for  military  electronic  equipment. 
Steatite  was,  in  fact,  considered  a  critical  mineral  and 
a  government  order  issued  in  October  1942,  restricted 
the  use  of  steatite-grade  talc  to  applications  essential  to 
the  defense  effort.  These  restrictions  were  eased  in  Feb- 
ruary 1943  and  removed  in  April  1943.  Government 
stockpiling  of  steatite  was  begun  early  in  1943  and  was 
continuing  in  1955. 

The  post-war  building  boom  caused  the  talc  produc- 
tion in  California  to  rise  to  about  120,000  tons  in  1951 
and  to  "level  off"  at  about  this  figure  in  succeeding 
years.  To  sustain  this  production  rate,  most  of  the  exist- 
ing mines  have  been  worked  steadily,  and  several  addi- 
tional mines  were  opened  in  the  post-war  period.  These 
last  mentioned  included  the  Eureka  mine  in  the  Inyo 
Montains,  and  the  Bonnie,  Markeley  and  Sheep  Creek 
mines  in  the  southern  Death  Valley  area. 

The  Defense  Production  Act  of  1950  recognized  block 
steatite  talc  as  one  of  the  minerals  eligible  for  explora- 
tion assistance  to  the  extent  that  the  Government  would 
contribute  90  percent  of  the  cost  of  approved  exploration 
projects.  By  mid-1956,  however,  no  projects  of  this  type 
for  block  steatite  had  been  negotiated  in  California. 

In  mid-1956,  the  following  seven  concerns  were  both 
mining  and  milling  talc  in  California : 

Huntley  Industrial  Minerals.  Inc..  P.  O.  Box  .305.  Bishop  (oper- 
ating mill  at  Laws  and  working  the  White  Eagle  mine  in  Inyo 
County)  ; 

Industrial  Minerals  and  Chemical  Company,  836  Gilman  St.,  Berke- 
ley (operating  mills  at  Berkeley  and  Florin,  and  working  the 
Bryant  Ranch  and  Haydcn  soapstone  deposits  in  El  Dorado 
County)  ; 

Kennedy  Minerals  Company,  2.552  E.  Olympic  Blvd.,  Los  Angeles 
(operating  mill  at  Los  Angeles  and  working  the  Death  Valley 
and  Eclipse  mines  in  Inyo  County)  ; 
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Pomona  Tile  Manufacturing  Company,  629  N.  La  Brea  Ave.,  Los 
Angeles  (working  the  Harry  Adams  and  Yucca  Grove  mines  in 
San  Bernardino  County  and  using  the  talc  at  its  tile  plant  in 
Pomona)  ; 

Sierra  Talc  and  Clay  Company,  1608  Huntington  Dr.,  South 
Pasadena  (operating  mills  at  Los  Angeles  and  Keeler  and  at 
Grand  Island,  Nebraska,  and  working  the  Frisco,  Gray  Eagle, 
Markeley,  Panamint  (Montgomery)  and  Talc  City  mines  in 
Inyo  County,  and  the  Ibex,  Sheep  Creek,  Silver  Lake  and  Yucca 
mines  in  San  Bernardino  County,  as  well  as  properties  in 
Nevada  and  Montana)  ; 

Southern  California  Minerals  Company,  320  So.  Mission  Road,  Los 
Angeles  (operating  mills  at  Los  Angeles,  Ogden,  Utah,  and 
Barratts,  Montana,  and  working  the  Bonnie  and  Panamint  mines 
in  Inyo  County  and  the  Acme  Excelsior,  Pongo,  and  Superior 
mines  in  San  Bernardino  County,  as  well  as  properties  in  Mon- 
tana) ;  and 

Western  Talc  Company,  1901  E.  Slauson  Avenue,  Los  Angeles 
(operating  mills  at  Los  Angeles  and  at  Dunn  siding  on  Union 
Pacific  R.  R.  in  San  Bernardino  County,  and  working  the 
Western  mine  in  S'an  Bernardino  County). 

Two  concerns  were  milling  and  marketing  talc  obtained 

from  other  sources : 

American  Minerals  Company,  840  Mission  Road,  Los  Angeles ;  and 
Commercial  Minerals  Company,  310  Irwin  Street,  San  Francisco. 

Other  purchasers  of  crude  tale  included : 

Desert  Minerals,  Inc.,  840  Mission  Road,  Los  Angeles ;  and 

Hill  Brothers  Chemical  Company,  2159  Bay  Street,  Los  Angeles. 

In  addition  to  the  Grantham  (Warm  Spring)  mine, 
which  was  by  far  the  most  productive  single  talc  opera- 
tion in  California  in  1956,  several  independently  oper- 
ated properties  also  were  active.  The  Bonham  mine 
continued  to  yield  significant  quantities  of  talc  of  steatite 
grade.  Others  included  the  Alliance  mine  in  Inyo 
County,  and  B.  P.  J.  Mines  in  San  Bernardino  County. 

At  many  of  the  talc  mines  in  California  most  of  the 
easily  recovered  talc  above  the  200-foot  level  had  been 
removed  and  some  had  been,  developed  down-dip  for 
distances  of  400  to  500  feet.  Although  the  talc  reserves 
in  the  Southern  Death  Valley-Kingston  Range  area 
probably  are  measurable  in  millions  of  tons,  the  mining 
problems  will  be  increasingly  more  difficult. 

About  60  percent  of  the  1,830,000  tons  of  talc  pro- 
duced in  California  through  1956  has  been  obtained  from 
five  mines:  the  Talc  City  mine  with  270,000  tons,  the 
Western  mine  with  260,000  tons,  the  Warm  Spring  mine 
with  234,000  tons,  the  Silver  Lake  mine  with  230,000 
tons,  and  the  Superior  mine  with  120,000  tons  (all  fig- 
ures estimated). 
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THORIUM 

By  Bennie  W.  Tboxel 


Thorium,  a  radioactive  element  and  a  potential  source 
of  atomic  energy,  is  obtained  almost  entirely  from  mona- 
/ite  which  is  also  a  commercial  source  of  rare  earth  ele- 
ments. Thorium  has  not  been  produced  commercially  in 
t  alifornia,  although  thorium  mineralization  has  been 
noted  at  numerous  places,  especially  in  the  Mountain 
Pass  and  Rock  Corral  areas  in  San  Bernardino  County. 
Tliorium  also  occurs  in  black  sands  in  several  areas  in 
ili(>  state.  These  occurrences  have  not  been  productive 
liccause  they  are  either  too  small  or  too  low-grade  to 
yield  concentrates  at  prices  competitive  with  monazite 
iVom  current  sources  in  Africa,  Florida,  and  Idaho.  The 
principal  purchasers  of  thorium  concentrates  are  metal- 
lurgical plants  in  the  eastern  United  States.  Thorium 
(■(impounds  are  used  in  incandescent  mantles,  magnesium 
alloys,  and  in  chemical,  electrical,  and  medical  products. 
.\  significant  demand  has  not  developed  for  thorium  as  a 
source  of  atomic  energy,  but  research  in  this  field  is  in 
lu'ogress. 

Mineralogy.  Thorium  is  a  soft,  radioactive  metal  with 
an  atomic  weight  of  232.12  and  a  specific  gravity  of 
about  11.75.  It  is  not  found  in  the  native  state,  but  is 
present  in  at  least  66  minerals  (Frondel,  1956).  In  only 
six  of  these  minerals  is  thorium  an  essential  constituent ; 
in  the  others,  thorium  is  substituted  for  other  elements. 
A  few  minerals  contain  enough  thorium  to  be  of  eco- 
nomic significance,  but  only  two  minerals,  monazite  and 
thorite,  have  proved  abundant  enough  to  have  been 
mined  as  sources  of  thorium.  Most  thorium-bearing  min- 
erals are  dark-colored  and  occur  as  relatively  small,  dis- 
seminated grains  whose  radioactivity,  rather  than  their 
»eneral  appearance,  most  readily  distinguishes  them 
from  common  rock-forming  minerals.  In  its  occurrence 
and  chemical  properties  thorium  resembles  uranium, 
eerium,  zirconium,  and  hafnium,  and  it  is  commonly 
associated  with  rare  earth  elements. 

Monazite  ((Ce,La,Th)P04)  is  a  phosphate  of  the  rare 
jarth  elements,  principally  eerium  and  lanthanum.  The 
thoria  (Th02)  content  generally  ranges  from  5  to  12 
percent,  but  theoretically  can  be  as  much  as  26.4  percent. 
The  specific  gravity  of  monazite  ranges  from  4.6  to  5.4, 
md  is  proportional  to  the  thorium  content.  Monazite 
generally  occurs  as  small,  equant  to  tabular,  yellow  to 
reddish-brown,  or  brown  crystals.  It  has  a  conchoidal 
to  uneven  fracture,  one  distinct  cleavage  and  others  less 
listinct,  and  a  resinous  or  waxy  luster. 

Thorite  (ThSi04),  a  thorium  silicate,  ideally  contains 
31.5  percent  thorium.  This  percentage  is  generally  less 
jecause  other  elements  are  substituted  for  thorium 
(Frondel,  1952,  p.  569).  It  is  black  to  brown,  has  a 
glassy  or  greasy  luster,  hardness  of  4.5  to  5,  specific 
gravity  range  of  4  to  6,  and  a  conchoidal  fracture.  It 
)ceurs  as  small  prismatic  crystals  or  is  massive. 

Thorianite,  an  oxide  of  thorium  and  uranium,  has  a 
ihorium  content  of  45.3  to  87.9  percent.  It  is  dark  gray, 
irownish  black,  or  black,  has  a  horny  to  sub-metallic 
luster,  hardness  of  6.5,  specific  gravity  of  9.7,  one  per- 
fect cleavage,  and  an  uneven  to  subconchoidal  fracture, 
[ts  most  common  crvstal  habit  is  small  cubes. 


Several  other  thorium-bearing  minerals  are  widely  but 
spar.?ely  distributed.  Those  that  have  been  noted  in 
California  include  allanite  (Ca,Ce,Th)2(Al,Fe,Mg)3 
SiaOiofOH),  betafite  (U,Ca)  (Nb,Ta,Ti)309-nH20?,  eux- 
enite  (Y,Ce,U,Ca,Fe,Pb,Th)  (Nb.Ta,Ti,Sn)oOo,  xenotime 
(YPO4),  and  zircon  (ZrSiOi). 

Geology  of  Thorium  Deposits.  Thorium  is  nearly  as 
abundant  in  the  earth's  crust  as  lead  and  about  three 
times  as  abundant  as  uranium,  but  rich  deposits  are  rare. 
All  but  a  small  fraction  of  the  thorium  in  the  world  oc- 
curs in  small  crystals  of  monazite,  allanite,  zircon,  sphene, 
and  apatite,  which  are  disseminated  in  metamorphic  and 
igneous  rocks,  including  pegmatites.  Quartz-poor  pegma- 
tites associated  with  alkalic  igneous  rocks  generally  are 
richer  in  thorium  than  other  types  (Frondel,  1956,  p. 
576),  but  pegmatites  have  yielded  thorium  only  as  a  by- 
product of  other  mineral  commodities  such  as  feldspar, 
lithium,  or  mica.  Although  the  thorium  disseminated  in 
this  manner  comprises  a  tremendous  reserve,  even  the 
richest  of  these  deposits  are  too  sparse  to  be  mined  for 
the  thorium  minerals  alone.  Available  data  indicate 
that  the  thorium  content  of  most  igneous  rocks  is  within 
the  range  of  zero  to  25  parts  per  million,  but  some  igne- 
ous rocks  contain  as  much  as  several  hundred  parts  per 
million  (Twenhofel  and  Buck,  1956,  p.  562).  Vein  de- 
posits of  monazite  and  thorite  are  rare,  but  monazite 
veins  in  Africa  currently  yield  much  of  the  world's 
supply. 

As  monazite  resists  weathering  and  is  heavy,  it  tends 
to  become  concentrated  in  placer  deposits.  The  heavy 
fractions  in  placer  deposits  are  richer  in  monazite  than 
the  igneous  and  metamorphic  rocks  from  which  they 
were  derived  and  can  be  mined  much  easier.  Placer  de- 
posits have  been  and  continue  to  be  the  world 's  principal 
source  of  monazite  and  hence  of  thorium  and  rare 
earths. 

Thorium-bearing  igneous  and  metamorphic  rocks  of 
considerably  higher-than-average  grade  have  been  noted 
in  Idaho,  Montana,  South  Dakota,  Michigan,  California, 
and  in  the  southeastern  United  States.  Pegmatites  in 
which  thorium  is  particularly  abundant  occur  in  Beaver- 
head County,  Montana;  El  Paso  County,  Colorado;  and 
Worcester  County,  Massachusetts  (Twenhofel  and  Buck, 
1956,  p.  566). 

Monazite-bearing  igneous  and  metamorphic  rocks  of 
the  southeastern  United  States  have  been  traced  along 
two  northea.st-trending  belts.  One  belt,  from  5  to  40 
miles  wide,  extends  for  600  miles  throiigh  Alabama, 
Georgia,  North  and  South  Carolina,  and  Virginia.  The 
other,  about  5  miles  wide,  extends  for  200  miles  through 
North  Carolina  and  Virginia  and  merges  with  the  longer 
belt  in  Virginia.  The  principal  monazite-bearing  rocks 
are  biotite-rich  granite  and  quartz  monzonite,  granite 
gneiss,  and  various  kinds  of  rock  into  which  granitic 
rocks  have  intruded.  These  rocks  are  estimated  to  con- 
tain 0.00005  to  0.02  percent  monazite  (Mertie,  1953,  p. 
28).  They  are  the  source  of  the  monazite  in  extensive 
placer  deposits  along  these  belts  and  along  the  Atlantic 
coastal  plain. 
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The  Idaho  batholith,  in  central  Idaho,  a  complex  igne- 
ous rock  body  300  miles  long  and  50  to  100  miles  wide, 
contains  monazite  as  the  most  widespread  radioactive 
accessory  mineral  in  certain  porphyritic  rocks,  princi- 
pally those  of  quartz  diorite  to  quartz  monzonite  com- 
position. The  monazite  is  erratically  distributed  in  the 
rocks,  and  ranges  from  extremely  minute  proportions  to 
as  much  as  0.01  percent  (Maekin  and  Schmidt,  1956,  p. 
588).  The  batholithie  rocks  are  the  sources  of  monazite 
in  extensive  placer  deposits  in  Idaho. 

Vein-forming  thorite  and  monazite  have  been  dis- 
covered in  several  localities  in  the  world  since  World 
War  II.  Probably  the  most  significant  of  these  deposits 
is  a  monazite-bearing  quartz  vein  in  pre-Cambrian  gra- 
nitic rocks  in  northwestern  Cape  Province,  Union  of 
South  Africa.  The  vein,  which  is  of  hydrothermal  origin, 
locally  contains  as  much  as  70  percent  monazite  and  5 
percent  copper,  ranges  in  width  from  a  few  inches  to 
more  than  a  foot,  and  is  exposed  along  the  surface  for 
several  hundred  feet  (Nininger,  1954,  p.  100).  In  1956, 
this  deposit  was  supplying  nearly  all  of  the  monazite 
that  was  being  processed  in  the  United  States  even 
though  the  thoria  content  was  reported  to  be  only  1  to 
2  percent. 

In  the  United  States,  thorium-bearing  veins  have  been 
found  in  California,  Colorado,  Alaska,  New  Mexico, 
Wyoming,  Montana  and  Idaho.  Most  thorium-bearing 
vein  deposits  are  characterized  by  the  association  of 
barite,  carbonates,  and  iron  oxides  and  occur  in  igneous 
and  metamorphic  rocks  that  have  been  intruded  by 
alkali  igneous  rocks.  Such  deposits  contain  from  0.1 
percent  to  6  percent  thoria,  range  in  thickness  from  a 
few  inches  to  50  feet,  and  in  length  from  a  few  feet  to 
5,000  feet  (Twenhofel  and  Buck,  1956,  pp.  563-564). 

Formerly,  the  principal  foreign  sources  of  monazite 
were  placer  deposits  in  Brazil,  Ceylon,  and  India.  Only 
a  small  proportion  of  monazite  mined  from  these  sources, 
however,  is  now  exported  to  the  United  States.  In  most 
of  the  placer  deposits  monazite  is  recovered  as  a  by- 
product of  gold,  zircon,  cassiterite,  magnetite,  ilmenite, 
or  rutile.  Other  minerals  have  been  recovered  in  smaller 
quantities  (see  sections  on  black  sands  and  titanium 
elsewhere  in  this  volume).  Nearly  all  of  the  productive 
placer  deposits  are  of  Recent  geologic  age. 

In  the  United  States  monazite  has  been  recovered 
from  stream  gravels  and  beach  sands  in  the  southeastern 
Atlantic  states  and  from  stream  gravels  in  Idaho.  Onlj 
the  deposits  in  Idaho  and  Florida  have  been  mined  in 
recent  years;  and  these  have  been  dredging  operations. 

At  the  sites  of  earlier  mining,  in  the  higher  parts  of 
streams  in  North  and  South  Carolina,  the  richer  placers 
averaged  about  8.4  pounds  of  monazite  per  cubic  yard, 
and  locally  was  as  much  as  5  times  as  rich  (Mertie,  1953, 
pp.  7-12).  Farther  downstream  and  along  the  beaches 
where  larger  quantities  of  sands  are  available,  the  mona- 
zite content  is  less.  At  Jacksonville,  Florida,  the  monazite 
content  of  the  beach  sand  is  about  0.03  percent  (Mertie, 
1953,  p.  15). 

The  monazite-bearing  placer  deposits  of  Idaho  are 
along  the  western  edge  of  the  Idaho  batholith,  and  con- 
tain about  two  to  three  pounds  of  monazite  per  yard  of 
gravel  (Nininger  1954,  p.  98).  The  monazite  is  recovered 
along  with  gold,  ilmenite,  magnetite,  garnet,  rutile,  and 
in  some  gravels,  with  uranium-bearing  minerals. 
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Figure  1.  Thorium  deposits  in  California.  Includes  pegmatite 
localities  described  in  Special  Report  49  (1956)  ;  placer  deposits 
not  shown. 


Crawford  (1956,  p.  879)  has  tabulated  the  thoria 
content  of  monazite  from  placer  deposits  as  follows: 
India,  5  to  10  percent ;  Brazil,  6  percent ;  Ceylon,  8  per- 
cent; Australia,  4  to  5  percent;  Malay  Peninsula,  3|  to 
9  percent;  North  and  South  Carolina,  5  to  7  percent; 
Idaho,  3|  to  5  percent;  and  Florida,  4|  to  6  percent. 

Occurrences  in  California.  In  California,  as  else- 
where, thorium  minerals  occur  as  (1)  disseminations  in 
igneous  and  metamorphic  rocks,  (including  pegmatites) 
(2)  placer  concentrations,  and  (3)  veins.  Most  of  the 
occurrences  of  primary  thorium  minerals  (dissemina- 
tions and  veins)  have  been  noted  in  the  Mojave  Desert, 
principally  in  the  Mountain  Pass  and  Rock  Corral  areas 
of  San  Bernardino  County  (fig.  1).  Low-grade  thorium 
bearing  placer  deposits,  largely  in  northwestern  Cali- 
fornia, have  been  known  for  many  years. 

Thorium  minerals  disseminated  in  large  bodies  of 
granitic  rocks,  in  pegmatites,  and  in  metamorphic  rocks 
contain  most  of  the  thorium  known  to  exist  in  California, 
but  these  deposits  are  much  too  low-grade  to  be  mined 
commercially  under  present  (1956)  marketing  condi- 
tions. A  few  high-grade  bodies  have  been  discovered  as 
pods  in  pegmatite  dikes  and  as  pods  and  veins  in  meta- 
morphic rocks,  but  to  date  these  have  proved  to  be  only 
of  mineralogieal  interest.  In  California  the  known  placer 
concentrations   of   thorium   minerals   are   generally   of 
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liigher  grade  than  the  disseminated  deposits,  but  they  too 
are  sub-commercial. 

The  Rock  Corral  area  lies  midway  between  Lucerne 
Valley  and  Twentynine  Palms,  and  is  near  the  north- 
west end  of  a  thorium-bearing  belt  that  extends  along 
the  northeastern  edge  of  the  San  Bernardino  Mountains 
(fig.  1).  Detailed  studies  of  the  Rock  Corral  area  (Mox- 
liam,  Walker,  and  Baumgardner,  1955)  have  shown  that 
liere  pre- Cretaceous  quartz  monzonite  intrudes  a  pre- 
Cambrian  complex  of  igneous  and  metamorphic  rocks. 
Both  the  quartz  monzonite  and  the  intruded  complex 
contain  disseminated  allanite  and  zircon.  A  few  samples 
of  quartz  monzonite  contained  as  much  as  4.5  percent 
allanite  and  1.5  percent  zircon,  but  the  principal  mass 
of  this  rock  which  underlies  an  area  of  about  half  a 
square  mile,  has  a  uranium  equivalent  *  of  only  about 
0.006  percent.  Biotite-rich  inclusions  in  the  quartz  mon- 
zonite contain  higher  percentages.  One  of  these  was  ob- 
served to  contain  0.032  percent  equivalent  uranium,  an- 
other 7  percent  allanite  and  1  percent  zircon.  Most 
inclusions  show  areal  outcrops  of  a  few  hundred  square 
feet  but  they  are  distributed  over  an  area  of  about  If 
square  miles.  Throughout  the  rest  of  the  belt,  thorium 
minerals  have  been  found  in  pods  of  biotite  gneiss,  in 
pegmatite  bodies  and,  at  the  Black  Dog  claim  in  the  Rock 
Corral  area,  in  an  allanite-  and  monazite-bearing  vein 
which  is  about  15  feet  long  and  as  much  as  6  inches  wide. 
Three  samples  of  nearly  pure  monazite  collected  by  D.  F. 
Ilewett  of  the  U.  S.  Geological  Survey,  contained  16.10, 
15.70  and  12.30  percent  Th02.  These  analyses  indicate 
that  the  thorium  content  of  pure  monazite  from  the  vein 
is  about  the  highest  recorded  in  the  United  States  (D.  F. 
Ilewett,  1956,  personal  communication). 

In  the  Mountain  Pass  area  thorium  minerals  occur 
( 1 )  in  veins  and  mineralized  shear  zones  that  cut  pre- 
Cambrian  gneisses,  syenite,  and  shonkinite,  (2)  as  dis- 
seminations in  the  principal  rare  earth-bearing  carbonate 
body  (see  rare  earth  section  elsewhere  in  this  volume), 
and  (3)  disseminations  in  shonkinite,  syenite,  and  gran- 
ite. Rare  earth  deposits  and  associated  thorium  minerals 
are  distributed  along  a  belt  about  6  miles  long  and  1| 
miles  wide,  and  have  been  studied  in  detail  (Olson, 
Shawe,  Pray  and  Sharp,  1954). 

The  veins,  which  are  composed  mostly  of  a  mixture  of 
carbonate  minerals  including  bastnasite  [  (Ce.La)  (COs) 
F],  contain  thorite,  and,  in  some  places,  monazite.  The 
mineralized  shear  zones  resemble  the  veins,  but  are  less 
well-defined,  and  are  characterized  by  parallel  shear 
planes,  gouge,  breccia,  and  veinlets  of  carbonate  material. 
Analyses  of  thorium-rich  vein  material  show  as  much  as 
6  percent  thoria,  but  the  average  thoria  content  is  be- 
tween 0.1  and  2.39  percent.  Thorite  is  most  abundant  in 
the  shear  planes  that  are  filled  with  iron  oxides,  sericite, 
chlorite,  quartz,  and  carbonates.  The  veins,  more  than 
200  in  number,  rarely  exceed  6  feet  in  thickness  or  500 
feet  in  length;  shear  zones  are  from  1  to  20  feet  thick 
and  are  not  persistent  along  strike.  Some  of  the  veins 
and  shear  zones  might  constitute  commercial  sources  of 
thorite  should  the  value  of  thorium  increase  (Olson, 
Shawe,  Pray,  and  Sharp,  1954,  p.  63). 

•  Equivalent  uranium  Is  the  percentage  of  uranium  In  equilibrium 
that  win  produce  the  observed  amount  of  radioactivity,  regard- 
less of  the  source — uranium,  radium,  thorium,  etc  Per  unit 
weight,  uranium  In  equilibrium  is  about  three  times  as  radio- 
active as  thorium  In  equilibrium. 


Monazite  occurs  as  disseminations  in  the  principal  rare 
earth  deposit  at  Mountain  Pass.  This  deposit  is  a  car- 
bonate body  about  2,400  feet  long  and  400  feet  in  average 
width.  Its  thoria  content  ranges  from  0.01  to  about  0.16 
percent,  but  locally  is  as  high  as  3  percent.  The  monazite 
constitutes  a  potential  by-product  of  the  rare  earth  oper- 
ation should  the  future  price  permit  its  profitable  re- 
covery. Allanite  occurs  as  disseminations  in  shonkinite, 
syenite,  and  granite  but  in  an  average  quantity  of  less 
than  0.1  percent,  which  is  too  small  to  be  of  commercial 
grade. 

Large  concentrations  of  heavy  minerals  in  placer  de- 
posits exist  at  many  localities  in  California  (see  section 
on  black  sands  elsewhere  in  this  volume),  but  the  sam- 
pling of  these  deposits  to  date  has  revealed  few,  if  any, 
monazite  deposits  of  present  commercial  interest.  An 
early  investigation  (Day  and  Richards,  1905),  which 
included  the  analyses  of  81  samples,  showed  only  4  that 
contained  0.1  pound  or  more  monazite  per  ton  of  sand. 
The  highest  concentration  —  56  pounds  per  ton  —  was 
found  in  a  sample  of  beach  sand  collected  near  Crescent 
City,  Del  Norte  County. 

Processing.  Monazite  is  treated  to  yield  high-purity 
thorium  metal  in  three  phases :  1 )  mechanical  separation 
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of  monazite  from  other  heavy  minerals  in  sands,  2) 
chemical  treatment  to  separate  thorium  oxide  from  rare 
earth  oxides,  and  3)  thermal  reduction  of  thorium  oxide 
to  thorium  metal. 

Mechanical  separation  is  ordinarily  accomplished  at 
the  site  of  the  mining.  Large  deposits  of  black  sands  are 
mined  by  dredge,  dragline,  sluicing,  or  hydraulicking, 
and  the  heavy  minerals  are  concentrated  with  jigs,  tables, 
sluices,  or  spirals.  Heavy  mineral  concentrates  are  sepa- 
rated magnetically  and  electrostatically  into  nearly  pure 
concentrates  of  individual  minerals  such  as  monazite, 
rutile,  garnet,  magnetite,  ilmenite,  and  zircon. 

Thorium  oxide  and  rare  earth  oxides  are  recovered 
from  monazite  by  chemical  digestion  in  either  acid  or 
caustic  alkali  solutions.  Both  processes  are  similar  in 
that  fine-ground  monazite  is  decomposed  in  chemical 
solutions  and  undergoes  several  stages  of  filtration  and 
precipitation  that  separates  thorium  oxide,  rare  earth 
oxides,  and  uranium  oxide  (fig.  2). 

In  the  most  common  method  of  thorium  metal  pro- 
duction, thorium  oxide  is  fed  by  batches  into  furnaces 
and  reduced  to  the  metal  in  the  presence  of  sodium,  cal- 
cium, or  magnesium.  In  most  operations  the  feed  consists 
of  a  mixture  of  thorium  oxide,  metallic  calcium  flakes 
and  calcium  chloride,  and  the  reduction  takes  place  at 
about  1,100  degrees  C.  in  the  presence  of  an  inert  gas 
such  as  argon.  Metallic  thorium  powder  yielded  from 
this  thermal  reduction  process  is  compacted  and  sintered 
at  1,300  to  1,450  degrees  C.  to  yield  nearly  pure  metal. 

Vtilizaiion  and  Consumption.  Thorium  is  used  mostly 
in  the  manufacture  of  incandescent  mantles.  It  is  also 
used  in  alloys  of  magnesium  and  tungsten,  as  a  constit- 
uent in  special  optical  glass,  as  a  catalyst,  in  refractories, 
in  electronic  tubes,  and  in  medical  and  dental  com- 
pounds. It  is  a  potential  source  of  atomic  energy.  Table  1 
shows  the  Atomic  Energy  Commission's  authorizations 
for  purchase  of  thorium  compounds,  for  the  principal 
non-energy  purposes  during  the  years  1947  to  1954.  Im- 
port and  consumption  data  are  not  released  by  the 
Atomic  Energy  Commission. 

The  incandescent  gas  mantle,  which  was  invented  in 
1885  by  von  Welsbach,  an  Austrian,  is  impregnated  with 
a  compound  composed  of  about  99  percent  thorium  ni- 
trate and  one  percent  cerium  nitrate.  The  mantle  becomes 
luminous  after  the  nitrates  have  been  ignited  and  con- 
verted to  oxides.  Although  electric  lights  have  largely 
replaced  the  use  of  gas  and  gasoline  lights,  the  gas 
mantle  industry  still  constitutes  the  principal  market 
for  non-energy  purposes  for  thorium. 

Thorium  metal  added  to  magnesium  alloys  imparts 
better  mechanical  properties  at  elevated  temperatures 


and  improves  the  durability  of  the  alloys  and  the  sta- 
bility of  these  properties  after  heating. 

The  electrical  industry  of  the  U.  S.  consumes  thorium 
oxide  in  the  production  of  tungsten  filaments  that  have 
high  resistance  to  mechanical  shock.  Prom  0.8  percent  to 
1.2  percent  thorium  oxide  is  incorporated  in  the  tung- 
sten. Colloidal  thorium  oxide,  added  to  the  usual 
"getter"  in  electronic  tubes,  facilitates  final  vacuum 
and  maintenance  of  the  vacuum  during  the  life  of  the 
tube.  Thorium  metal  is  used  in  electron  emission  tubes 
and  in  special  lamps  to  aid  in  starting  the  lamps  ( Craw- 
ford, 1956,  p.  880). 

Thorium  compounds  have  several  chemical  and  medi- 
cal applications.  Thorium  oxide  is  used  as  a  catalyst  in 
petroleum  cracking  processes,  in  oxidizing  ammonia  to 
nitric  acid,  converting  carbon  monoxide  to  water  gas,  and 
in  making  many  organic  reagents.  Insoluble  thorium  salts 
are  used  in  some  dental  powders  and  pastes,  and  in 
medical  preparations  to  cure  certain  parasitic  skin  in- 
fections. Soluble  thorium  salts  are  used  in  skin  creaii;s 
and  lotions. 

Although  its  resistance  to  thermal  shock  is  poor, 
thorium  oxide  is  employed  as  a  refractory  material  (Lil- 
liendahl,  1954,  p.  452)  because  it  has  a  high  melting 
point  (more  than  2800  degrees  C.)  and  is  the  most  stable 
of  the  refractory  oxides.  It  is  used  as  an  ingredient  for 
polishing  compounds.  Thorium-228  can  be  used  in  dis- 
sipating static  electricity,  and  mesothorium,  a  disinte- 
gration product  of  thorium,  is  added  in  small  quantities 
to  self-luminous  paints  for  instrument  dials  (Crawford, 
1956,  p.  880). 

When  thorium-232,  the  naturally  occurring  isotope 
of  the  element,  is  bombarded  by  neutrons,  it  is  converted 
into  fissionable  uranium-233.  Thorium,  therefore,  might 
be  used  in  atomic  reactors.  Experimental  "breeder"  re- 
actors have  been  completed  that  theoretically  create 
more  nuclear  fuel  than  they  consume  by  producing 
uranium-233  from  thorium  in  quantities  that  exceed  the 
amount  of  fuel  (uranium-233,  uranium-235,  or  plu- 
tonium-239)  consumed  in  the  conversion  (Crawford, 
1956,  pp.  880-881). 

Markets  and  Prices.  Since  1948,  the  purchase,  sale 
or  transfer  of  thorium  ores  has  been  controlled  by  the 
U.  S.  Atomic  Energy  Commission.  Persons  desiring  to 
ship  thorium-bearing  material  must  first  obtain  a  permit 
from  the  Atomic  Energy  Commission. 

The  principal  domestic  producers  of  thorium  com- 
pounds from  monazite  concentrates  are : 

Lindsay  Chemical  Company,  West  Chicago,  Illinois. 

Maywood  Chemical  Works,  Maywood,  New  Jersey. 

Rare  Earths,  Inc.,  Paterson,  New  Jersey. 


Table  1.     Atomic  Energy  Commission  authorization  for  purchases  of  thorium  compounds  for 
non-energy  purposes  in  the  United  States  (pounds  of  contained  ThOz).* 


Industry 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

Magnesium  alloys.      ,_ 

26,658 
3,110 
1,176 
1,283 

36,697 

1,634 

1,767 

427 

44,621 

1,847 

596 

237 

48,471 

1,889 

2,097 

314 

31,132 
3,382 
6,246 
1,457 

25,427 

1,157 

11,064 

277 

3,600 
8,707 
236 
5,179 
1,222 

4,647 
9,765 
24 
3,738 
2,016 

Gas-mantle  manufacture _   . 

Refractories  and  polishing  compounds.  _ 
Chemical  and  medical .. 

Total  (ThOi)  .  .    

32,227 

40,525 

47,301 

52,771 

42,217 

37,925 

18,944 

20,190 

•  From  Minerals  Yearbook  and  Bulletin  556,  U.  S.  Bureau  of  Mines. 
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J         Figure  3.     Geologic  map  of  the  Rock  Corral  area,  San  Bernardino  County.  The  biotite-rich  inclusions  in  the  porphyritic  quartz  monzo- 

Inite  contain  the  most  significant  concentrations  of  radioactive  minerals.  Radioactivity  in  the  porphyritic  quartz  monzonite  is  highest  in  the 
northeast  part  of  its  principal  outcrop  area.  Generalized  after  Moxham,  Walker,  and  Baumgardner,  1955,  pi.  15. 
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The  monazite  or  other  thorium  ores  purchased  by  these 
and  other  domestic  producers  are  generally  made  by 
contract. 

Prices  paid  for  monazite  ores  are  relatively  stable,  but 
have  been  gradually  rising  since  about  1946.  Market 
quotations  ordinarily  refer  to  the  total  combined  rare 
earth  oxides  and  thorium  oxide  rather  than  for  the 
thorium  oxide  content.  Some  purchasers  specify  a  mini- 
mum thorium  oxide  content  as  well.  In  1955,  market 
prices  held  steadily  at  13  cents  per  pound  ($260  per 
short  ton)  for  monazite  containing  55  percent  total  rare 
earth  oxides,  including  thorium,  to  20  to  22  cents  per 
pound  ($400  to  $440  per  short  ton)  for  monazite  con- 
taining 68  percent  total  rare  earth  oxides  (Eng.  and 
Min.  Jour.  Metal  and  Mineral  Markets).  The  above 
prices  are  for  material  delivered  c.  i.  f .  eastern  seaports. 
The  price  in  1946  for  monazite  concentrates  containing 
a  minimum  of  70  percent  rare  earth  oxides  was  $70  per 
ton. 

In  1955,  Lindsay  Chemical  Company  was  offering 
about  $300  per  net  short  ton,  in  carloads.  West  Chicago, 
Illinois,  for  monazite  ores  containing  60  percent  rare 
earth  oxides  plus  thorium  oxide.  Thorite  ores  in  carload 
lots,  Colorado,  had  an  approximate  value  of  $1.00  per 
pound  of  contained  thorium  oxide  for  concentrates  ana- 
lyzing 10  percent  or  more  thorium  oxide. 

The  price  during  1954  for  thorium  metal  in  powder, 
sintered  bar,  and  sheet  form  was  45,  65,  and  85  cents, 
respectively,  per  gram,  in  less  than  200  gram  lots. 
Thorium  nitrate,  mantle  grade,  was  $3.35  per  pound  and 
thorium  oxide,  99  percent  Th02  was  $9.35  per  pound 
(Crawford,  1956,  p.  880). 
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TIN 

By  Cliffton  H.  Gray,  Jr.' 


The  important  place  of  tin  in  the  American  economy 
lias  been  well  demonstrated  in  times  of  peace  and  war. 
No  adequate  substitute  has  been  found  for  its  major  use 
as  a  protective  coating  for  other  metals.  Although  the 
United  States  consumes  about  40  percent  of  the  world's 
tin  output,  the  few  scattered  tin  deposits  in  the  continen- 
tal United  States  and  Alaska  have  contributed  less  than 
0.02  percent  of  the  world's  production  (Umhau,  1932, 
p.  13).  California  is  among  the  few  states  with  a  recorded 
production  of  the  metal. 

MINERALOGY  AND   GEOLOGIC  OCCURRENCE 

Cassiterite  (Sn02),  which  has  an  adamantine  luster, 
a  high  specific  gravity,  and  is  generally  brown  or  black, 
is  the  principal  tin-bearing  mineral,  but  in  a  few  locali- 
ties tin  has  been  recovered  from  lode  deposits  that  con- 
tain stannite  (Cu2FeSnS4)  and  several  other  tin-bearing 
minerals.  Tin  minerals  are  widely  distributed  through- 
out the  world,  but  in  only  a  few  areas  are  the  deposits 
large  enough  to  be  profitably  mined.  Most  of  the  world's 
tin  supply  is  obtained  from  alluvial  deposits  in  the  Far 
East  and  in  Africa.  Bolivia  is  the  only  important  source 
of  tin  in  the  western  hemisphere  and  is  the  only  major 
tin-producing  country  in  which  the  tin  ores  occur  in 
vein.s  and  require  underground  mining. 

The  primary  tin  deposits  show  a  characteristic  genetic 
relation  to  acidic  igneous  rocks,  particularly  to  granite 

•  Partly  extracted  from  a  section  by  L.  A.  Norman,  Jr.  in  California 
Div.  Mines  Bull.  156. 


and  granite  pegmatites.  The  Bolivian  deposits  are  asso- 
ciated with  quartz  monzonite.  Most  tin  veins,  including 
those  in  Bolivia,  are  high-temperature  hydrothermal  de- 
posits and  are  believed  to  have  formed  under  high  pres- 
sures deep  beneath  the  earth's  surface.  Although  wood 
tin,  a  nodular  variety  of  cas.siterite,  occurs  in  rhyolite 
flows,  prospecting  for  primary  tin  deposits  is  generally 
confined  to  areas  in  which  large  bodies  of  acidic  intrusive 
rock  are  exposed. 

As  cassiterite  is  extremely  resistant  to  alteration,  it  is 
liberated  by  weathering  and  disintegration  of  the  enclos- 
ing rocks.  Because  of  its  high  specific  gravity,  it  is  easily 
concentrated  in  placer  deposits.  Placer  deposits  in  south- 
eastern Asia,  of  which  those  in  the  Federated  Malay 
States  have  been  the  most  productive,  are  the  world's 
principal  tin  sources  and  furnished  30  percent  of  the 
total  world  production  in  the  period  1926-50  (Bateman, 
1950,  p.  547).  Concentrations  of  cassiterite  also  occur  in 
eluviai  deposits,  on  the  slopes  immediately  below  the 
vein  outcrops. 

LOCALITIES   IN    CALIFORNIA 

Cassiterite,  the  only  tin-bearing  mineral  known  to 
occur  ill  California,  has  been  reported  at  numerous  lo- 
calities in  the  state ;  most  of  these  are  in  its  southern 
part  (Segerstrom,  1941,  pp.  549-552;  Bedford  and  John- 
son, 1946,  14  pp.).  The  tin  occurrences  in  California  that 
have  been  worked  or  have  attracted  attention  as  possible 
commercial  sources  are  primary  deposits.  The  absence  of 
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Figure  1.     Index  niap  showing  California  districts  from  which  rocks  containing   more  than   1   pound  of  tin  per   ton   of  rock   sample   have 
been  reported,  and  properties  having  a  recorded  production  of  tin.  Adapted  from  Bedford,  R.  H.,  and  .Johnson,  F.  T.,  1946,  fig.  1. 
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FiGUBE  2. 


Temescal  (Cajaleo)  tin  mine  in  1801  ;  view  nortli.  Photo  from  historical  collection 
of  Title  Insurance  and  Trust  Company  of  Los  Angeles. 


FiGURK  3.  Temescal  (Cajaleo)  tin  mine  in  I!)")"!;  view  noitli.  Cajaleo  Hill  in  left  foreground  shows  outerop  of 
mottled  tourmaline-rock  pipe.  All  buildings  have  been  removed  and  only  the  foundations,  tailing  piles,  and  caved 
shafts  mark  the  site.     Photo  hy  Horace  Parker,  lialhoa  Island,  California. 
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known  concentrations  of  placer  tin  in  California  points 
aprainst  the  former  or  present  existence  of  large  vein 
deposits  exposed  at  the  surface. 

Three  mines  in  the  state  have  recorded  productions  of 
till.  These  are  the  Temescal  (Cajalco)  mine  in  Riverside 
County,  the  Hogan-Mallery  (Meeke-IIogan)  mine  in 
l\ern  County,  and  the  Evening  Star  (Bernice,  Rex)  mine 
ill  San  Bernardino  County. 

Temescal  Mine.  The  Temescal  (Cajalco)  mine  and 
several  neighboring  properties  which  together  comprise 
tiie  Temescal  tin  district  are  confined  to  an  area  of  ap- 
proximately 15  square  miles  about  5  miles  southeast  of 
( 'orona  and  11  miles  southwest  of  Riverside.  Here  a  mass 
lit'  quartz  monzonite,  which  has  been  mapped  as  a  phase 
of  the  Woodson  Mountain  granodiorite,  (Larsen,  1948, 
pp.  132-133,  map)  contains  a  group  of  tourmaline-tiuartz 
\('ins  in  only  a  few  of  which  recoverable  amounts  of 
eassiterite  have  been  found.  Probably  several  hundred 
\('ins  have  been  seriously  explored  in  the  Temescal  dis- 
t  rict  and  numerous  smaller  stringers  and  tourmalinized 
zones  also  exist. 

According  to  Page  and  Thayer  (1945,  p.  8)  the  aver- 
ntre  width  of  the  veins,  including  spotted  tourmaline 
nick  and  silicified  rock,  probably  is  1  to  2  feet,  although 
SI  line  of  the  veins  are  6  feet  wide,  and  in  places  a  few  are 
1.")  to  20  feet  wide.  Most  of  the  veins  are  less  than  1,000 
leet  long  and  are  discontinuous,  although  one  vein  sys- 
tem is  about  4,800  feet  long.  The  downward  extent  of  the 
M'ins  is  not  known  but  the  Cajalco  vein  was  followed  to 
a  depth  of  690  feet  and  was  not  bottomed.  Most  of  the 
M'ins,  including  the  Cajalco  vein,  are  in  coarse-grained 
duartz  monzonite,  strike  from  about  N.  20°  E.  to  N.  50° 
Iv,  and  dip  from  50°  to  85°  NW. 

The  Cajalco  vein  is  exposed  on  the  surface  discontinu- 
niisly  over  a  length  of  550  feet  and  has  been  explored 
loiitinuously  over  a  length  of  1,000  feet.  It  strikes  about 
X.  55°  E.  and  dips  from  55°  to  80°  NW.  On  the  surface, 
the  vein  is  as  much  as  5  feet  thick  and,  as  exposed  in 
the  mine  workings,  ranges  from  1  inch  to  5  feet  10 
inches.  Maps  of  the  mine  indicate  that  two  ore  shoots 
\\ere  developed.  One  was  about  70  feet  and  the  other 
KiO  feet  in  strike  length,  and  the  larger  one  had  a  dip 
length  of  about  240  feet  (Page  and  Thayer,  1945,  pp. 
15-16,  figs.  8,  11).  The  stopes,  by  means  of  which  these 
shoots  were  mined,  are  now  inaccessible. 

The  veins  in  the  Black  Rocks  area,  which  is  about  3 
miles  southeast  of  the  Temescal  mine,  generally  strike 
parallel  to  the  Cajalco  system,  but  they  dip  southeast- 
ward. Southwest  of  the  Temescal  mine  veins  in  dacite 
porphyry  .show  wider  divergence  in  attitude.  Most  of 
them  strike  nearly  north  and  dip  50°  to  70°  W.,  but 
some  of  the  larger  ones  strike  N.  35°  to  40°  E.,  and  dip 
65°  to  75°  NW.  In  the  areas  between  Cajalco  Hill  and 
Lake  Mathews,  1^  miles  to  the  east,  10  additional  major 
veins  or  vein  systems  have  been  recognized  and  exten- 
sively explored. 

The  veins  are  commonly  zoned  or  banded,  but  most 
of  the  veins  that  are  a  foot  or  less  in  width  consist  en- 
tirely of  mottled  tourmaline  rock  or  silicified  rock.  In 
the  wider  parts  of  the  veins,  where  mineralization  was 
more  intense,  their  centers  are  occupied  by  a  layer  of 
fine-grained  tourmaline  a  few  inches  wide.   The   veins 


apparently  replaced  the  quartz  monzonite  along  fissures 
soon  after  it  solidified.  Assays  indicate  that  almost  all 
of  the  veins  contain  0.03  to  0.1  percent  tin,  but  samples 
assaying  more  than  0.1  percent  have  been  collected  in 
very  few  places.  The  Cajalco  vein  averages  about  0.15 
percent  of  tin.  The  eassiterite  occurs  as  disseminations 
and  as  bunches  and  stringers  in  the  tourmaline-quartz 
rocks.  The  entire  production  apparently  came  from  two 
connected  cassiterite-bearing  ore  shoots  in  the  Cajalco 
vein.  The  ore  that  was  milled  is  reported  to  have  aver- 
aged in  the  range  of  2  to  5  percent  SnOc  (Page  and 
Thayer,  1945,  24  pp.). 

The  principal  workings  are  at  the  Temescal  mine  and 
consist  of  an  adit,  a  vertical  shaft  (the  Robinson)  now 
caved,  an  inclined  shaft  (the  Williams  or  No.  1)  that 
extends  to  a  vertical  depth  of  540  feet,  a  raise  to  the 
surface  from  stope  No.  1,  and  more  than  5,800  feet  of 
drifts  and  crosscuts  on  seven  levels  (Page  and  Thayer, 

1945,  p.  15).  Other  veins  in  the  area  have  been  explored 
by  numerous  shafts  and  adits  with  drifts  and  crosscuts. 
Considerable  stripping  and  trenching  also  have  been 
done  on  the  veins. 

Hogan-Mallery  Mine.  The  Hogan-Mallery  (Meeke- 
Ilogan)  mine  and  several  neiirhboring  tin-bearing  prop- 
erties are  in  the  Gorman  district  of  southern  Kern 
County.  These  deposits  are  in  small  tactite  bodies  which 
have  replaced  limestone  near  the  intrusive  contact  of  a 
body  of  granitic  rock.  The  eassiterite  occurs  as  scattered 
grains  within  the  tactite  which  is  composed  principally 
of  limonite,  magnetite,  and  various  contact-metamorphic 
minerals. 

The  largest  deposit,  the  Hogan-Mallery,  is  composed 
of  two  bodies  of  tin-bearing  limonite  gossan.  The  West 
gossan  is  about  200  feet  in  length  and  has  a  maximum 
exposed  width  of  40  feet,  and  lenses  ovit  at  either  end. 
The  East  gossan  is  100  feet  long  and  as  much  as  30  feet 
wide.  The  maximum  thickness  of  the  gossan  is  probably 
only  about  25  feet  beneath  the  surface. 

According  to  Wiese  and  Page  (1946,  p.  37)  the  Hogan- 
Mallery  mine  was  explored  in  1942-43  by  bulldozing  and 
by  sinking  nine  pits,  each  10  feet  deep,  and  two  inclined 
shafts,  each  about  50  feet  deep  and  joined  to  level  work- 
ings that  total  about  150  feet  in  length.  In  addition,  the 
property-  was  core  drilled  and  sampled  partly  by  the 
U.  S.  Bureau  of  Mines  in  cooperation  with  the  IT.  S. 
Geological  Survey.  Most  of  the  high-grade  ore  was  ob- 
tained from  residual  boulders  exposed  at  the  surface. 
Some  was  mined,  by  means  of  shallow  pits,  from  pockets 
in  limestone.  The  average  grade  of  these  small  shipments 
was  about  40  percent  Sn.  However,  exploratory  work 
indicated  that  reserves  of  ore  in  place  carried  onlv  from 
0.1  to  2.0  percent  tin  (Wiese,  1950,  p.  46). 

Evening  Rtar  Mine.  The  Evening  Star  (Bernice, 
Rex)  mine  and  other  nearby  tin-bearing  properties  are 
about  8  miles  north  of  Cima  in  northeastern  San  Ber- 
nardino County.  The  mine  has  explored  a  hematitic  pipe 
formed  in  limestone  at  the  intersection  of  two  fractures. 
Cassiterite  is  disseminated  in  the  pipe,  which  is  also 
reported   to    contain   scheelite    (Bedford   and   Johnson, 

1946,  p.  10;  Tucker  and  Sampson,  1943,  pp.  498-499; 
Wright  et  al.,  1953,  pp.  147-148 ;  Ilewett,  1956,  p.  157, 
map). 


644 


Bulletin  176 — ^Mineral  Commodities  of  California 


Other  Properties.  Properties  other  than  those  in  the 
districts  mentioned  above,  and  at  which  tin  has  been 
noted  in  quantities  greater  than  one  pound  per  ton  of 
rock  sample,  include  the  following:  The  Lucky  Three, 
Jeanette  Grant,  Black  Jack,  Rocky  Point,  and  Big  Blue 
properties  in  the  Isabella  district,  Kern  County;  the 
Greenback  Copper  and  Iron  Mountain  properties  in  the 
Woody  district,  Kern  County;  the  American  Flag  and 
Monarch  mines  in  the  Elsinore  district.  Riverside 
County ;  and  the  Atolia  tungsten  mines,  San  Bernardino 
County  (Bedford  and  Johnson,  1946,  pp.  3-11). 

HISTORY  OF  PRODUCTION 

Tin  was  discovered  in  the  Temescal  district.  Riverside 
County,  prior  to  the  Civil  War,  probably  in  1853.  A 
vertical  shaft  had  been  sunk  95  feet  when  the  outbreak 
of  the  Civil  War  stopped  the  work.  Exploration  was  re- 
sumed in  1868,  and  in  1869  a  15.34  ton  shipment  of  ore 
to  San  Francisco  was  said  to  have  yielded  6,895  pounds 
of  tin  (Page  and  Thayer,  1945,  p.  1).  However,  the  first 
production  of  record  was  in  1891.  Ore  was  mined  during 
1891  and  1892  and  later  in  1928-29.  In  1942  a  modern 
100-ton  mill  was  erected  and  1,400  tons  of  surface  vein 
material  was  put  through  with  a  recovery  of  less  than 
a  pound  of  tin  oxide  per  ton  (Tucker  and  Sampson, 
1945,  p.  154).  According  to  Segerstrom  (1941,  p.  543) 
approximately  113  long  tons  of  tin  were  produced  from 
the  district.  Page  and  Thayer  (1945,  p.  2)  arrive  at  a 
figure  of  approximately  130.5  long  tons,  using  data  from 
Rolker  (1895,  p.  537)  and  Segerstrom  (op.  cit.). 

In  1916,  a  property  in  Trabueo  Canyon,  Orange 
County,  was  partly  explored  in  search  of  commercial 
quantities  of  tin,  and  a  mill  was  erected,  but  no  produc- 
tion was  recorded  (Segerstrom,  1941,  p.  534).  Tin  was 
discovered  in  the  Gorman  district,  Kern  County,  in 
1940  and  during  the  period  1943-45  the  Hogan-Mallery 
(Meeke-Hogan)  mine  yielded  6.70  short  tons  of  ore 
equivalent  to  2.64  tons  of  tin.  This  was  shipped  to  Metals 
Reserve  Company  (Wiese  and  Page,  1946,  p.  33;  Wiese, 
1950,  p.  46).  Small  shipments  of  ore  and  concentrates 
also  have  been  made  from  the  Evening  Star  mine  of  the 
Cima  district,  San  Bernardino  County  (Tucker  and 
Sampson,  1943,  p.  498).  The  total  California  tin  pro- 
duction that  has  been  reasonably  well  documented  is 
equivalent  to  about  117  long  tons  of  tin  metal,  calculated 
on  the  ba.sis  of  100  percent  recovery  from  concentrates. 
Even  the  maximum  estimates  indicate  that  the  total  out- 
put of  tin  from  California  has  been  less  than  150  tons. 
In  spite  of  numerous  attempts  during  the  last  50  years 
to  develop  tin  mines  in  California,  less  than  4  percent 
of  the  tin  produced  in  California  was  obtained  in  that 
period  (Bedford  and  Johnson,  1946,  p.  1).  No  tin  pro- 
duction has  been  reported  in  California  since  1945. 

UTILIZATION   AND   MARKETS 

The  usefulness  of  tin  is  based  upon  its  easy  fusibility, 
malleability,  resistance  to  corrosion,  readiness  to  alloy 
with  other  metals,  and  its  attractive  silver  color.  Because 
of  these  properties,  and  the  simplicity  with  which  it  can 
be  recovered  by  smelting,  it  was  one  of  the  first  metals 
to  be  used  by  man,  particularly  as  a  constituent  of 
bronze.  Today  most  of  the  tin  consumed  in  the  United 
States  is  used  in  plating  material,  solder,  bronze,  bear- 
ing metal,  and  foil.  Smaller  amounts  are  used  in  type 


metal,  pipe  and  tubing,  chemicals,  and  for  miscellaneous 
purposes  (Vogelsang,  1949,  pp.  81-83).  During  1956, 
world  mine  output  was  173,000  long  tons  of  tin,  while 
world  consumption  was  156,000  long  tons.  The  United 
States  consumption  was  60,300  long  tons  (O'Connell, 
1957,  p.  94). 

The  price  of  tin  has  fluctuated  over  a  wide  range  in 
the  last  58  years.  The  average  annual  price  has  ranged 
from  13.67  cents  per  pound  in  1897  to  127.07  cents  in 
1951.  During  1956,  the  average  price  of  "Straits"  tin. 
New  York,  was  104.82  cents  in  January  and  104.1  cenis 
a  pound  in  December,  the  annual  average  being  lOl.l'ti 
cents.  The  highest  recorded  price  that  has  been  paid 
for  Straits  tin  on  the  New  York  market,  184.00  cents 
per  pound,  was  reached  on  January  25,  1951.  The  rapid 
decline  in  the  price  of  Straits  tin  in  1953  generated  a 
strong  movement  among  producers  for  an  attempt  to 
stabilize  the  price  by  international  agreement  which 
would  ensure  long-term  equilibrium  between  supply  and 
demand  and  thus  provide  stable  marketing  conditions 
for  tin.  The  Ignited  Nations  Conference  on  Tin,  held  in 
Geneva  in  December  1953,  drafted  the  International  Tin 
Agreement  which  provides  for  a  buifer  stock  of  10,000 
to  25,000  long  tons  and  a  tentative  price  range  of  $0.80 
to  $1.10  per  pound,  the  buffer  stock  to  be  sold  at  $1.00 
or  more  and  bought  at  $0.90  or  less.  However,  the  United 
States  had  already  indicated  it  would  not  necessarily 
adhere  to  the  agreement  (Harris  and  Trought,  1954)  but 
they  would  also  not  oppose  the  agreement.  This  agree- 
ment was  put  into  operation  on  July  1,  1956  (Reniek 
and  TImhau,  1956). 

The  nearest  market  for  tin  concentrates  produced  in 
California  has  been  provided  by  the  Government-owned  I 
Longhorn  smelter  at  Texas  City,  Texas.  If  shipped  from 
Los  Angeles,  which  is  1,781  miles  by  rail  from  Texas 
Citj',  the  total  rate  in  1955  would  have  been  $14.06  to 
$21.08  per  ton  in  carload  lots,  depending  on  whether  the 
material  qualifies  as  crude  or  ground  ore  and  is  shipped 
in  open  or  closed  cars.  The  Longhorn  smelter  has  been 
operated  by  the  Tin  Processing  Corporation  as  an  inde- 
pendent contractor  under  an  operating  agreement  with 
the  Reconstruction  Finance  Corporation.  Under  this 
arrangement  the  RFC  purchased  all  concentrates,  paid 
all  operating  costs,  and  sold  the  resulting  tin.  The  Texas 
City  tin  smelter  is  not  equipped  to  concentrate  tin- 
bearing  ores  nor  to  treat  concentrates  containing  less 
than  18  percent  insoluble  tin.  In  order  to  encourage 
domestic  production  of  tin  concentrates,  lots  as  small 
as  650  pounds  have  been  purchased.  Congress  authorized 
the  Texas  Citv  smelter  to  continue  in  operation  until 
January  31,  1957  (Public  Law  608,  June  22,  1956). 
Previously  Congress  had  requested  the  President  to  con- 
duct a  study  during  1955-56  of  ways  of  maintaining 
a  permanent  domestic  tin  smelting  industry,  including 
continued  Government  operation  of  the  facility  or  pos- 
sible sale  or  lease  to  private  industry  (Senate  Concur- 
rent Resolution  26).  In  September  1955,  the  Office  of 
Defense  Mobilization  authorized  the  Federal  Facilities 
Corporation  to  negotiate  the  disposal  of  the  smelter. 
Public  Law  608  authorized  the  disposal  of  the  plant  by. 
either  sale  or  lease  to  private  industry  (American  Min- 
ing Congress,  1956).  Effective  July  1,  1954,  the  opera- 
tion of  the  smelter  was  transferred  from  the  RFC  to  the 
Federal  Facilities  Corporation,  a  new  agency  established 
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ill  the  Treasury  Department.  All  purchases  of  tin  con- 
centrates by  this  corporation  were  made  under  formal 
ciintracts  executed  by  both  seller  and  buyer  prior  to 
shipment.  The  Office  of  Tin,  Federal  Facilities  Corpora- 
tion, "Washington  25,  D.  C.  made  purchase  arrangements. 
Tlie  Federal  Facilities  Corporation  announced  on  Jan- 
nary  3,  1957,  that  the  Texas  City  tin  smelter  and  other 
assets  of  the  Government  Tin  Program  had  been  sold  to 
Wah  Chang  Corporation  of  New  York.  Wah  Chang  an- 
nounced its  intention  to  produce  tin  metal,  tin  alloys, 
and  tungsten  following  extensive  modification  of  the 
smelter  whose  operation  was  discontinued  on  January 
31,  1957,  pending  completion  of  the  modifications 
(American  Mining  Congress,  1957).  A  combined  total  of 
approximately  2.7  tons  of  tin  contained  in  concentrates 
produced  in  California  during  the  years  1943  and  1944 
was  purchased  through  depots  operated  by  the  RFC 
during  those  years.  No  program  for  Government  pur- 
chase and  stockpiling  of  tin  ore  is  now  (1956),  in 
operation.  However,  pig  tin  meeting  certain  specifica- 
tions has  been  purchased  for  the  national  stockpile. 
According  to  the  Office  of  Defense  Mobilization  (1954, 
p.  14)  the  minimum  objective  for  the  national  strategic 
stockpile  for  tin  has  been  met. 

EXPLORATION   ASSISTANCE   PROGRAM 

Tin  projects  are  eligible  for  assistance  by  the  De- 
fense Minerals  Exploration  Administration.  The  revised 
regulations  as  of  March  23,  1954,  list  tin  as  eligible  for 
the  Government  participation  program  with  a  Govern- 
ment contribution  of  75  percent  of  the  cost  of  an  ap- 
proved exploration  program.  By  April  7,  1954,  two  ap- 
plications for  assistance  under  the  DMEA  program 
started  in  January  1951,  had  been  received  for  tin 
projects  in  California.  No  tin  contracts  for  California 
projects  had  been  executed  through  April  1954. 

MINING   AND  TREATMENT 

Tin  ore  is  mined  by  conventional  methods  used  in 
placer  and  lode  production  of  other  metals.  Most  of  the 
tin  from  the  Far  East  and  Africa  is  mined  by  dredges 
from  alluvial  or  placer  deposits.  It  is  recovered  as  a 
high-grade  concen+rate  of  cassitcite  which  averages 
about  70  percent  tin  and  is  relatively  free  from  impuri- 
ties. The  Bolivian  tin-bciring  veins  require  under- 
ground mining  methods.  The  tin  minerals  in  the  lode 
deposits  are  more  intimately  associated  with  other  min- 
erals and  more  difficult  to  separate  into  a  clean  concen- 
trate than  in  the  placer  deposits.  Moreover,  a  large  part 
of  the  tin  in  the  original  ore  is  lost  during  concentra- 
tion. The  ores  as  mined  contain  only  a  few  percent  of 
tin,  so  thev  must  be  milled  to  separate  the  gansrue  min- 
erals and  produce  a  concentrate  containing  30  to  40 
percent  tin  before  they  are  shipped  to  the  smelter.  The 
losses  of  tin  that  occur  during  milling  vary  from  18  to 
65  percent.  The  average  recovery  of  tin  from  Bolivian 
ores  is  probably  50  to  60  percent  (St.  Clair,  et  al., 
1954,  p.  1). 

Reduction  of  the  oxide,  cassiterite,  is  accomplished  by 
a  smelting  process  in  which  carbon  is  the  reducing 
agent.  Sulfide  ores  with  a  high  sulfur  content  are 
roasted  prior  to  smelting.  The  crude  metal  recovered  by 
smelting  is  refined  by  electrolysis  or  by  heat  treatment. 
The  world  smelting  centers  are  in  British  Malaya,  United 
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Figure  4.  Flowsheet  for  Bolivian  tin  concentrates  pre-smelting 
treatment,  Lonshorn  tin  smelter.  Texas  City,  Texas.  Adapted  from 
Ridge  et  al.,  19.")3,  chapt.  7,  sec.  4,  p.  l(i-a. 

Kingdom,  Netherlands,  Netherlands  East  Indies,  and 
China.  During  World  War  11,  all  of  the  major  tin  smelt- 
ers, with  the  exception  of  those  in  the  United  Kingdom, 
were  subjected  to  occupation  control  by  either  the  Ger- 
mans or  Japanese.  This  forced  the  allies  to  construct 
new  facilities  for  the  production  of  tin.  The  Longhorn 
smelter  at  Texas  City,  Texas,  in  the  United  States,  was 
the  most  important  new  plant  built  and  was  placed  in 
operation  in  April  1942.  Impure  concentrates,  chiefly 
from  Bolivia  and  lesser  amounts  from  Indonesia,  Thai- 
land, Belgian  Congo  and  miscellaneous  sources  are 
roasted  and  leached  prior  to  smelting.  Ijeaching  plant 
products  and  pure  alluvial  ores  are  smelted  in  rever- 
beratory  furnaces.  The  rated  annual  output  capacity 
is  45,000  tons.  During  1956,  the  Texas  City  smelter 
produced  17,631  long  tons  of  tin. 

GOVERNMENT   REGULATIONS 

During  World  War  II  the  Office  of  Production  Man- 
agement took  control  of  all  United  States  supplies  of 
tin  (Tin  Conservation  Order  M-43,  December  17,  1941). 
Subsequently  many  additional  orders  were  issued  to 
cover  various  phases  of  tin  usage.  Tin  controls  expired 
on  December  1,  1949,  with  the  exception  of  monthly  tin 
reports  which  were  required  until  June  30,  1950. 

With  the  outbreak  of  the  Korean  conflict  in  1950, 
concern    again    developed    over    the    sufficiency    of    the 


646 


Bulletin  176 — Mineral  Commodities  of  California 


Alluvial    Ores 
Bolivian    Residues    and    Slimes 

\ 

^ 

> 

-* 

> 

Reverberotory 
Furnace 

1 

t 

'             Dust 

1' 

C 

— 1 

Crude  Tin  | 

Rich    SlagI 

^ 

; 

IsiaqI 

iFurnace  1 

1 

V 

Dust 

y 

1 

Dunnpl 

Poling 

1 

J      1                  _ 

] 

i     i 

1 

loro 

^ 

1  Molten  Tin 

p-j  Liquot.ng 

i 

_ 

Drossing 

^ 

1 

r 

! 

foross 

[ 

i 

■n] 

Refined  Ti 

J^    .. 

ace 

1 

J. 

J 

1 

[Raw  Alloy  | 

1 

|siog 

f 

H  Dro 

JRefined  Tin  | 

\ 

f 

> 

ss|         JRefined    Alloy 

Cof 

an| 

ll 

_ 

Sto 

r   Tin| 

Figure  5.  F'lowshcet  for  alluvial  tin  ores  and  treated  Bolivian 
till  concentrates,  Longhorn  tin  smelter,  Texas  City,  Texas.  Adapted 
from  Uidge  et  al.,  1953,  chapt.  7,  sec.  4,  p.  16-b. 

United  States'  tin  supply,  and  the  National  Production 
Authority  issued  order  M-8  on  November  13,  1950,  to 
control  the  use  of  tin.  The  restrictions  imposed  were 
similar  to  those  of  World  War  II,  but  contained  a  few 
changes  in  methods  of  control.  Allocation  controls  over 
pig  tin  were  removed  effective  January  1,  1953.  How- 
ever, consumption  continued  to  be  restricted  and  limited 
by  tin  control  order  M-8  until  Februarj'  6,  1953.  On 
that  date  all  controls  over  uses  and  inventories  of  tin 
were  removed  by  the  revocation  of  Orders  M-8,  M-24, 
M-25,  M-26,  M-27,  and  amendment  of  Regulation  1, 
inventory  provisions.  The  decontrol  of  tin  was  made 
complete  on  February  13,  1953,  when  the  Office  of  Price 
Stabilization  removed  the  ceiling  price  on  tin. 
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TITANIUM 


By  Philip  A.  I^ydon 


Development  of  the  titanium-metal  industry  has  prog- 
ressed rapidly  in  the  last  few  years.  Titanium  dioxide 
has  long  been  used  in  the  pigment  and  ceramic  indus- 
tries, but  only  recently  has  relatively  extensive  use  of 
the  metal,  especially  in  airplane  manufacture,  been  pos- 
sible. Although  large,  low-grade  deposits  of  titaniferous 
magnetite  in  Los  Angeles  County  are  potential  ore  re- 
serves, the  total  production  of  titanium  ore  in  California 
has  been  quite  small. 

Mineralogy.  Ilmenite  (FeTiO^)  and  rutile  (Ti02)  are 
the  principal  ore  minerals  of  titanium.  Other  titanium  min- 
erals include  sphene  (CaTiSiO.-,).  perovskite  (CaTiO.,), 
benitoite  (BaTiSiriO„),  arizonite  (Fe20:r3TiO..),  anatase 
or  octahedrite  (TiO^).  brookite  (TiOo),  pseudobrookite 
(Fe.jTiO-,) ,  and  leucoxene,  a  titanium-rich  alteration  prod- 
uct of  the  foregoing  minerals.  Commercial  "ilmenite" 
commonly  includes  the  minerals  arizonite  and  leucoxene, 
and  commercial  "rutile"  may  include  octahedrite,  brook- 
ite, and  pseudobrookite.  Benitoite  is  a  valuable  gem  min- 
eral but  is  not  an  ore  mineral  of  titanium. 

Ilmenite  is  a  black  mineral  with  a  metallic  luster  and 
black  streak.  Tt  has  a  conchoidal  to  sub-conchoidal  frac- 
ture, a  hardness  of  5  to  6,  and  a  specific  gravity  of  about 
4.7.  Ilmenite  occurs  in  compact  massive  bodies,  in  veins, 
disseminated  as  single  tabular  crystals  or  small  grouns 
of  crystals,  and  as  loose  grains  in  sand.  Rutile  is  a  black, 
red,  brown,  or  yellowish  mineral  with  a  pale  brown  to 
yellowish  streak,  adamantine  luster,  and  prismatic  habit, 
it  has  a  hardness  of  6  to  6.;")  and  a  specific  gravity  that 
ranges  from  4.2  to  5.6.  Rutile  is  a  common  minor  con- 
stituent of  schists,  gneisses,  and  granitic  rocks,  and 
locally  is  a  major  constituent  of  beach  and  river  sand. 

The  term  "titanomagnetite"  commonly  is  applied  to 
an  intergrowth  composed  of  fine  ilmenite  lamellae  in  a 
matrix  of  magnetite  (FeO-FeaOa).  The  more  general 
term  "titaniferous  magnetite"  includes  titanomagnetite 
as  well  as  magnetite  in  which  a  small  amount  of  titanium 
is  carried  in  solid  solution.  Concentrations  of  titano- 
magnetite and/or  ilmenite  invariably  contain  minor 
amounts  of  chromium,  vanadium,  and  phosphorus 
which  affect  the  properties  of  iron,  steel,  and  pigments 
produced  from  this  material  (Barksdale,-  1949,  p.  298). 

Geologic  Occurrence.  All  of  the  world's  large  ilmen- 
ite deposits  are  associated  with  basic-rock  complexes 
composed  of  anorthosite,  gabbro,  and  pyroxenite,  and 
are  related  to  them  in  origin.  Anorthosite  is  an  uncom- 
mon rock,  generally  light-colored  and  coarse-grained, 
that  consists  of  plagioclase  feldspar  and  less  than  10 
percent  of  dark  pyroxene  minerals,  chief  among  which 
are  augite  and  liypersthene.  As  the  pyroxene  content 
increases,  anorthosite  grades  into  gabbro  or  norite,  which 
are  darker,  plagioclase-bearing  rocks  in  which  the  prin- 
cipal pyroxene  is  augite  or  hyjjersthene,  respectively. 
Gabbro  and  norite  in  turn  grade  into  pyroxenite,  a  rock 
composed  almost  entirely  of  pyroxene  minerals. 

Iron-titanium  mineralization  is  thought  by  many  geol- 
ogists to  be  of  late-magmatic  or  hydrothermal  origin 
(Hammond,  1952,  Gillson,  1949,  and  Oakeshott,  1948). 
However,  a  comparison  of  eliemical  analyses  of  titanif- 


erous ores  with  those  of  rocks  typical  of  a  normal  se- 
quence of  crystallization  suggests  that  at  least  some 
titanomagnetite  is  formed  prior  to  the  late-magmatic 
stage  of  crystallization.  (See  Wager  and  Mitchell,  1951, 
especially  fig.  6  and  tables  12  and  F.) 

Rutile  deposits  are  associated  with  alkaline  plutonic 
rocks  such  as  nepheline  syenite,  aegeriue  phonolite,  and 
jaeupirangite,  and  witli  pegmatites  and  quartz  veins. 
Sedimentary  and  metamorphic  rocks  derived  from 
titanium-bearing  igneous  rocks  may  also  contain  concen- 
trations of  titaniferous  minerals.  Ilmenite,  rutile,  and 
titanomagnetite  are  heavy,  resistant  minerals  and  com- 
monly are  concentrated  in  beach  sands  and  river  placer 
deposits  that  also  contain  other  heavy  minerals,  including 
zircon,  monazite,  magnetite,  garnet,  and  staurolite. 

The  titanium  ores  that  were  mined  in  North  America 
during  1954  were  obtained  principally  from  igneous-rock 
deposits  at  Sanford  Hill  in  tlie  Adirondack  Mountains 
of  New  York,  from  Allard  Lake  in  eastern  Quebec,  Piney 
River  in  Virginia,  and  Oaxaca,  Mexico.  Titanium-bearing 
beach  sands  near  the  east  coast  of  Florida  and  river 
placer  deposits  in  Idaho  also  were  worked.  Formerly, 
titanium  ore  had  been  produced  commercially  from 
Magnet  Cove  in  Arkansas.  Richland  Cove  in  North  Caro- 
lina, and  from  Rose'and,  Virginia.  Nonproductive  re- 
serves of  titaniferous  minerals  occur  in  Wyoming,  Mon- 
tana, Colorado,  and  New  Mexico,  as  well  as  in  California. 
Large  deposits  of  rutile  occur  in  Australia,  Norway, 
Madagascar,  and  Brazil,  and  extensive  reserves  of  ilmen- 
ite occur  in  Japan,  Norway,  Russia,  and  Ceylon.  The 
titanium  utilized  bv  United  States  industrv  is  obtained 


Figure  1.  Map  showiiiR  location  of  San  Fernando 
and  Tujunga  quadrangles  (.stippled).  Part  of  this  area 
is  covered  b.v  geologic  map  of  western  San  Gabriel  Moun- 
tains in  figure  2. 
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Fkurk  P>.  Titiinium  sponge  and  ingot  produced  l).v  the  U.S. 
Burciui  of  Mines  at  Boulder  City,  Nevada,  using  the  Kroll  process. 
I'liofo  h}/  Mary  lliU. 

chiefly  from  ilmenite  mined  at  Saiiford  Kill  and  Allard 
Lake,  and  from  rutile  recovered  from  the  beach  sands 
of  eastern  Australia  and  eastern  Florida. 

At  Sanford  Hill,  near  the  headwaters  of  the  Hudson 
River,  steeply  dipping,  tabular  masses  of  almost  pure  ore 
consist  of  ilmenite,  titanomaonetite,  and  minor  amounts 
of  rutile.  The  largest  ore  body  is  1800  feet  long  and  900 
feet  wide.  The  ore  at  this  mine  averages  20  to  21  percent 
Ti02,  and  34  percent  Pe.  Estimates  of  reserves  range 
up  to  100  million  tons  of  ore  (Lawthers,  1955).  The  ore 
at  Sanford  Hill  is  mined  by  open-pit  methods,  and  is 
trucked  to  a  nearby  concentrating  plant  capable  of  han- 
dling 5,000  tons  of  ore  daily.  Concentrates  from  this 
property  are  sent  to  National  Lead  Company's  titanium 
pigment  plants  located  in  Sayreville,  New  Jersey. 

At  Allard  Lake,  Quebec,  ilmenite-hematite  deposits 
lie  in  an  oval-shaped  mass  of  anorthosite,  90  miles  long 
and  20  to  30  miles  wide.  The  Main  orebody  measures 
3600  by  3400  feet  at  the  surface  and  contains  more  than 
100  million  tons  of  proven  ore  averaging  32  percent 
TiO:;  aud  36  percent  Fe.  The  Cliff  orebody  contains  12 
million  tons  of  proven  ore  of  similar  grade  (Knoerr, 
1952 ) .  The  ore  is  mined  by  open  pit  and  is  carried  27 
miles  by  railroad  to  Harve  St.  Pierre,  on  the  St.  Law- 
rence River.  From  here  it  is  shipped  by  boat  550  miles 
upstream  to  Sorel,  where  the  ore  is  crushed  and  smelted 
to  yield  a  70-percent  TiOo  slag  and  a  refined  pig  iron. 
The  slag  is  sent  to  the  Gloucester  City,  N.  J.,  pigment 
plaut  of  New  Jersey  Zinc  Company,  and  in  1957  will 
also  be  sent  to  the  projected  pigment  plant  of  Canadian 
Titanium  Pigments,  Ltd.,  at  Varrennes,  Quebec  (Amer- 
ican Metal  Market,  April  21,  1956). 

Beach  sand  deposits  of  heavy  minerals  on  the  east 
coast  of  Au.stralia  for  many  years  have  been  the  prin- 
cipal source  of  rutile  consumed  in  the  L^nited  States. 


Most  Australian  rutile  is  mined  from  modern  and  buried 
beach  sands  that  extend  for  50  miles  across  the  Queens- 
land-Xew  South  Wales  border.  These  deposits  contain 
an  estimated  700,000  tons  of  rutile  in  relatively  high 
grade  deposits,  and  a  minimum  of  1.5  million  tons  of 
rutile  in  low-grade  deposits  (American  Metal  Market, 
Sept.  9,  1955).  Australian  beach  sands  are  mined  and 
treated  by  methods  similar  to  those  used  in  Florida. 

Rutile  and  ilmenite  have  been  produced  from  beach 
deposits  in  Florida  near  Melbourne,  Jacksonville,  and 
Starke.  Recovery  operations  near  Starke  are  on  an  old 
sand-dune  deposit  that  averages  a  mile  in  width  and 
extends  from  southern  Georgia  to  south  of  Avon  Park, 
Florida.  In  some  places  the  ore-bearing  sand  is  more 
than  30  feet  thick  (Spencer,  1948).  Commercial  concen- 
trations within  the  sand  contain  an  average  of  1.76  per- 
cent ilmenite  and  leucoxene,  and  0.28  percent  rutile.  A 
floating  suction-dredge  near  Starke  mines  the  sand  to  a 
depth  of  35  feet  at  the  rate  of  1100  tons  per  hour 
(Thomp.son,  1952),  and  pumps  it  to  barges  where  it  is 
classified  and  concentrated.  The  bulk  concentrate  is  dried 
aud  then  separated  by  high-intensity  electrostatic  and 
magnetic  separators. 

Republic  Steel  Corporation  reported  early  in  1955 
(Eng.  and  Min.  Jour.,  Jan.  1955,  p.  118)  that  27.5  mil- 
lion .short  tons  of  ore  containing  about  4.4  million  tons 
of  rutile  had  been  proven  on  its  property  in  the  state 
of  Oaxaca,  Mexico.  This  property  consists  of  38  mining 
claims  covering  an  area  7  miles  long  and  li  miles  wide, 
located  120  miles  south  of  Oaxaca  City.  The  rutile  ore  is 
hard  but  brittle,  and  occurs  in  three  bands  which  aver- 
age 40  feet  in  thickness. 

Localities  in  California.  Most  of  the  titanomagnetite 
mined  in  California  has  been  obtained  from  Los  Angeles 
County,  although  beach  sands  near  Aptos  in  Santa  Criiz 
County  were  mined  nnsuccessfully  during  1927  and 
1928.  The  Los  Angeles  County  output,  approximately 
15,000  tons  in  all,  was  recovered  from  sands  at  Redondo 
and  Hermosa  Beaches,  from  river  sands  in  Sand  Canyon 
in  the  western  San  Gabriel  Mountains,  and  from  a  mas- 
sive titanomagnetic  deposit  2.4  miles  southeast  of  Lang. 

The  first  recorded  attempt  to  utilize  titaniferous  ore 
in  California  occurred  in  1906  at  Russ  Siding  in  Soledad 
Canyon,  Los  Angeles  County,  and  ended  in  failure  be- 
cause of  the  refractory  nature  of  the  contained  titanium. 
Activity  in  the  area  was  confined  to  intermittent  pros- 
pecting and  exploration  until  1927  and  1928,  when  the 
Lang  locality  yielded  10,013  tons  of  titanomagnetite. 
This  ore  was  shipped  to  El  Segundo  for  the  manufac- 
ture of  pigment,  but  was  not  competitive  with  less  ex- 
pensive foreign  material.  From  1927  to  1938,  E.  I. 
du  Pont  de  Nemours  and  Company,  Inc.,  conducted  an 
extensive,  systematic  titanium-prospecting  program  in 
the  San  Gabriel  Mountains.  However,  no  ore  was  pro- 
duced and  the  company's  interests  in  this  area  eventu- 
ally were  abandoned.  Since  1944,  ilmenite  ])roduced  in 
the  San  Gabriel  Mountains  has  come  mainly  from 
titanomagnetite  sands  on  the  Live  Oak  and  Ferro-Titan 
properties  in  lower  Sand  Canyon.  This  material  has  been 
used  in  the  manufacture  of  paint  base,  as  roofing  gran- 
ules, and  in  heavy  aggregate. 

The  principal  titanium-bearing  deposits  in  California 
are  masses  of  titanomagnetite  associated  with  a  body  of 
pre-Cambrian   anorthosite   in  the  western   San   Gabriel 
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Mountains  of  Los  Angeles  County  (fig.  1).  Anorthosite 
and  related  gabbro  and  norite  are  exposed  as  an  elon- 
gate, west-trending  belt  approximately  19  miles  long  and 
7  miles  wide,  which  is  flanked  on  the  north  by  Tertiary 
and  Quaternary  volcanic  and  sedimentary  rocks,  and  on 
the  south  and  east  by  pre-Tertiary  plutonie  rocks  (fig.  2). 

The  San  Gabriel  anorthosite  is  a  massive,  minutely 
fractured  rock,  composed  mostly  of  andesine  plagioclase, 
that  intrudes  and  grades  into  gabbro  and  gneissic 
diorite.  All  of  the  titanomagnetite  bodies  occur  in  either 
anorthosite  or  gabbro-norite,  and  most  are  within  2,000 
feet  of  the  mutual  contact  of  these  rocks.  Masses  of 
titanomagnetite  range  in  size  from  small  veinlets  to 
large,  tabular  lenses.  They  bear  no  persistent  relation  to 
the  topography  and  generally  are  moderately  to  steeply 
dipping.  Some  of  these  deposits  are  very  irregular 
in  shape,  although  most  are  lenticular.  The  larger  masses 
are  elliptical  in  plan.  The  largest  single  body  of  titano- 
magnetite is  1000  feet  long  and  800  feet  wide  at  the 
outcrop;  it  is  estimated  to  contain  250,000  tons  of  rock 
averaging  11  to  25  percent  TiOo  (Oakeshott,  1948).  In 
all,  the  San  Gabriel  Mountains  probably  contain  several 
million  tons  of  titaniferous  rock  with  5  to  20  percent 
Ti02.  This  material,  however,  is  scattered  throughout 
scores  of  small  bodies  irregularly  shaped  or  with  grada- 
tional  boundaries.  Even  in  the  areas  of  richest  minerali- 
zation, many  of  the  bodies  are  so  scattered  that  they 
would  be  difficult  to  mine. 

In  thin  section,  the  titanomagnetite  is  seen  to  be 
closely  associated  with  the  most  thoroughly  granulated 
or  altered  rock.  It  has  replaced  hornblende  along 
cleavage  planes,  and  similarly  penetrates  or  embays 
biotite,  epidote,  clinozoisite,  chlorite,  aetinolite,  apatite, 
and  feldspar.  Grains  of  titanomagnetite  averace  less 
than  1  mm.  in  diameter  and  consist  of  fine  lamellae  of 
ilmenite  developed  parallel  to  crystal  directions  in  mag- 
netite, although  in  intergrowths  that  are  especially  rich 
in  ilmenite,  it  forms  relatively  large,  irregular  patches. 
Ilmenite  and  magnetite  in  the  intergrowth  occur  in  pro- 
portions ranging  from  1:5  to  3:4  (Oakeshott,  1949). 
Because  of  the  very  fine  size  of  the  ilmenite  lamellae,  a 
satisfactory  ilmenite-magnetite  separation  has  not  been 
achieved  by  mechanical  means. 

At  the  Live  Oak  mine  in  Sand  Canyon,  a  modest 
though  consistent  producer,  titanomagnetite  is  recovered 
from  naturally  concentrated  heavy  sands  which  extend 
along  the  creek  bed  for  more  than  2500  feet.  This  sand 
averages  7.5  percent  Ti02.  The  Pacoima  Creek  placer 
deposit  contains  notable  amounts  of  black  sand  for  4000 
feet  along  the  length  of  the  creek.  Pits  indicate  that 
alluvium  in  which  the  heavy  sand  occurs  commonly  is 
more  than  40  feet  deep.  Analyses  show  that  the  grade  of 
most  of  this  material  lies  within  the  range  of  2.4  to  30.8 
percent  TiOo.  The  full  extent  of  reserves  in  these  placers 
is  not  known  because  they  have  not  been  systematically 
explored  and  sampled,  but  they  appear  to  contain  sev- 
eral million  tons  of  workable  titaniferous  sand. 

A  small  deposit  of  rutile  has  been  reported  west  of 
Barstow  in  San  Bernardino  County  (Wright,  et  al., 
1953,  and  Youngman,  1930,  p.  5).  Small  crystals  of 
rutile,  locally  concentrated  and  banded,  are  disseminated 
along  200  feet  of  an  irregular,  lenticular  body  of  quartz 
in  schist.  The  quartz  itself  is  1500  feet  long  and  has  a 
maximum  width  of  75  feet. 
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Figure  4.  Generalized  flow  sheet  for  milling  titaniferous  ore 
rock.  Adapted  from  figure  on  page  17,  Deco  Trefoil,  courtesy  of 
Denver  Equipment  Co.,  Sept.-Oct.  1955. 

Beach-sand  deposits  that  have  been  worked  for  their 
titanium  content  occur  between  Redondo  Beach  and 
Palos  Verdes  Point  in  Los  Angeles  County  (Tucker, 
1927),  and  along  If  miles  of  beach  southeast  of  Aptos 
in  Santa  Cruz  County.  The  deposits  in  Los  Angeles 
County  are  distributed  along  about  2^  miles  of  beach. 
Near  Clifton,  these  sands  average  7  percent  ilmenite  for 
a  distance  of  3000  feet  (Baughman,  1927,  p.  310).  Some 
concentrations  of  almost  pure  ilmenite  and  magnetite 
contain  these  minerals  in  a  3  :  2  ratio.  Titanium  minerals 
at  this  beach  occur  in  lenticular  bodies  of  heavy  sand 
that  are  about  5  feet  thick,  100  feet  wide,  and  150  feet 
long.  The  sand  near  Clifton  was  worked  in  1927,  and 
was  reported  to  contain  20  percent  "titaniferous  iron" 
and  magnetite,  and  a  residue  of  silica,  olivine,  epidote, 
garnet,  and  zircon  (Tucker,  1927). 

The  deposits  near  Aptos  in  Santa  Cruz  County  are  "in 
strata  that  range  from  a  few  inches  to  several  feet  thick, 
and  occur  on  both  the  present  beach  and  older  marine 
terraces  away  from  the  shore  line  (Hubbard,  1943).  The 
sand  contains  magnetite,  chromite,  ilmenite,  garnet, 
zircon,  quartz,  and  a  small  amount  of  gold.  Irregular 
crescents  of  black  sand,  100  or  200  feet  long  and  up  to 
50  feet  wide,  occur  along  the  foot  of  detrital  bluifs  and 
are  said  to  be  mostly  magnetite,  with  some  martite 
(isometric  Fe203),  and  16  percent  Ti02  as  ilmenite 
(Youngman,  1930,  p.  4). 

Treatment.  Beneficiation  processes  that  separate  ti- 
tanium-bearing minerals  from  other  heavy  minerals  and 
gangue  generally  are  simple  and  are  based  principally 
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oil  differences  in  specific  gravity  and  magnetic  and  elec- 
u  trostatie  susceptibility   (fig.  4). 

All  of  the  titanium  metal  produced  commercially  in 
the  Fiiited  States  during  1955  was  obtained  by  methods 
based  on  the  Kroll  process,  which  involves  the  reaction 
of  liquid  titanium  tetrachloride  with  molten  magnesium 
in  an  inert  atmosphere  to  form  a  spongy  mass  of  metallic 
titanium  resembling  coke.  Crude  titanium  tetrachloride 
is  made  by  reacting  a  mixture  of  titanium  minerals  and 
carbon  with  chlorine  gas  at  high  temperature.  Any  iron 
present  in  the  feed  will  be  converted  to  ferric  chloride, 
thereby  increasing  the  non-recoverable  consumption  of 
chlorine  and  the  difficulty  of  producing  a  pure  titanium 
tetrachloride.  At  the  Titanium  Metals  Corp.  of  America 
])lant  in  Henderson,  Nevada,  magnesium  chloride,  a  by- 
product of  this  reaction  is  recovered  and  treated  electro- 
lytically  to  yield  magnesium  metal  and  chlorine.  After 
separation  of  the  magnesium  chloride,  the  sponge  is 
purified  by  double-melting  to  ingot  form  in  vacuum 
furnaces. 

Because  of  the  necessity  of  controlling  contamination 
in  all  stages  of  titanium  metal  manufacture,  rutile  is 
the  preferred  feed  for  production  of  the  metal.  Although 
rutile  concentrates  are  the  most  expensive  available  raw 
feed  for  this  use,  its  cost  per  pound  of  contained  tita- 
nium is  competitive  with  that  of  other  feeds  (table  2), 
and  is  superior  when  decreased  costs  of  treatment  are 
considered.  Titanomagnetite,  which  has  a  low  titanium 
content,  is  unsuitable  for  the  manufacture  of  either  tita- 
nium metal  or  pigment  base  because  of  the  increased 
cost  caused  by  production  of  excessive  ferric  chloride 
or  sulfate. 

Titanium  dioxide  of  pigment  grade  can  be  produced 
from  titanium  concentrates  by  many  methods.  Of  these, 
the  sulfate  and  chloride  processes,  in  which  ilmenite  or 
titanium-rich  slag  is  dissolved  in  sulfuric  or  hydrochloric 
acid,  are  most  commonly  used.  The  resulting  solution 
contains  a  large  proportion  of  iron  compounds  and  other 
impurities,  but  hydrous  titanium  oxide  of  high  purity 
is  precipitated  by  thermal  hvdrolysis.  In  the  chloride 
process,  iron  compounds  usually  are  removed  before  hy- 
drolysis. Ilmenite  and  Sorel  slag  are  used  as  feed  in 
pigment  manufacture  because  of  their  abundance  and 
relatively  low  cost. 

Titanium-rich  slag  and  pig  iron  are  produced  at  Sorel, 
Canada,  by  the  Quebec  Iron  and  Titanium  Corporation 
which  uses  a  low-tlux,  continuous-feed  process.  The  raw 
material  is  ilmenite-hematite  ore  mined  at  Allard  Lake. 
Each  1000  tons  of  ore  is  combined  with  approximately 
143  tons  of  a  coal  flux  and  is  expected  to  yield  about  440 
tons  of  70-percent  TiOo  slag  and  320  tons  of  crude  iron 
(Knoerr,  1952).  Because  no  lime  flux  is  used  in  the 
smelting  process,  sulfur  and  other  impurities  in  the 
crude  iron  are  removed  in  an  electric-arc  refining  fur- 
nace. 

During  1954.  Foote  Mineral  Company  produced  a  few 
hundred  pounds  of  pure  titanium  metal  on  an  experi- 
mental basis  by  thermal  decomposition  of  titanium  iodide 
gas,  and  Metal  Hydrides.  Inc.,  produced  about  a  ton  of 
titanium-metal  and  -hydride  powder  by  reduction  of 
titanium  dioxide  with  calcium  hydride   (Tumin,  1955). 

Pilot-plant  production  of  titanium  sponge  in  which 
sodium  rather  than  magnesium  is  used  in  the  reduction 


process  began  in  Great  Britain  in  1954.  In  1956,  a  plant 
utilizing  sodium  was  completed  at  Ashtabula,  Ohio,  by 
Electro  Metallurgical  Company.  Experimentation  with 
other  methods  of  titanium-metal  production  continued 
into  1956,  and  included  vapor  deposition,  alkali-amalgam 
reduction  of  the  tetrachloride,  and  reduction  of  the 
tetrachloride  by  hydrogen  in  a  molten  bath  (Oldham, 
1956).  That  same  year,  the  IT.  S.  Bureau  of  Mines  an- 
nounced the  success  of  an  experimental  electrolytic  proc- 
ess for  recovering  premium-grade  titanium  metal  from 
scrap  (Eng.  and  Min.  Jour.,  Apr.  1956,  p.  101).  Electric 
smelting  tests,  conducted  by  the  Bureau  of  Mines  on 
placer  ilmenite  concentrates  from  Idaho,  indicated  that 
a  high-titanium  slag  and  a  good  grade  of  pig  iron  can 
be  produced  from  .such  material  (Banning,  et  al.,  1955). 

Titanium  is  a  highly  reactive  metal  which,  when 
heated  in  the  presence  of  oxygen,  nitrogen,  or  hydrogen, 
absorbs  these  elements  and,  owing  to  contamination  and 
embrittlement,  iindergoes  a  marked  decrease  in  duc- 
tility. In  order  to  avoid  this,  it  is  necessary  to  anneal 
titanium  in  a  vacuum  or  in  an  inert  atmosphere  of  argon 
or  helium.  It  deteriorates  at  continued  temperatures  in 
the  range  800°  to  1,000°  F.,  but  this  appears  to  be 
almost  entirely  a  surface  effect.  Laboratory  and  field 
tests  have  shown  that  the  usefulness  of  the  metal  can 
be  increased  in  certain  instances  by  coating  its  surface 
with  non-absorptive  elements  such  as  chromium  and 
molybdenum. 

The  properties  of  titanium  metal  are  affected  by  its 
crystal  structure,  of  which  there  are  two  types.  Alpha 
titanium,  the  low-temperature  form,  is  stable  up  to 
1615°  F.  and  has  a  hexagonal  close-packed  structure 
similar  to  that  of  magnesium.  Beta  titanium,  the  high- 
tomperature  form,  is  unstable  below  1615°  F.  and  has 
a  body-centered  cubic  structure. 

Alpha  titanium  is  not  as  ductile  as  beta  titanium. 
This  is  unfortunate  because,  if  the  low-temperature 
form  were  the  more  ductile  of  the  two.  the  cold  metal 
would  be  easier  to  work,  and  the  reactive  nature  of  the 
heated  metal  would  be  less  bothersome.  The  more  ductile 
beta  phase,  however,  can  be  stabilized  by  adding  small 


FiiiriiE  5.  Titanium  sections  of  the  wiiiK-.snpport  assembl.v  of 
the  Cimvair  F-102  are  made  from  alloyed  titanium  forginji-s.  The 
alloy  (Rem-Cru  C-l.'iOAXI)  contains  4  percent  each  of  aluminum 
and  manganese,  has  a  combined  alpha-beta  .structure,  and  has  a 
mininuim  yield  strength  of  1:{0.(X)()  pounds  per  sijaare  inch.  Photo 
courtenii  Kem-Cru  Tituniiim,  Itic.  from  Reiii-Cru  Titanium  Jie- 
ripw,  Jan.  1955. 
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amounts  of  iron,  chromium,  or  manganese,  thereby  pre- 
venting a  complete  beta-to-alpha  inversion  upon  cooling 
below  1615°  F.  Beta-stabilizing  elements  substitute  for 
titanium  atoms  only  in  the  beta  phase,  and  so  have  no 
effect  on  the  alpha  phase.  High-strength,  titanium-base 
alloys  currently  on  the  market  contain  2  to  8  percent  of 
these  or  similarly  acting  elements. 

Alpha  titanium  is  weaker  than  beta  at  700°  P.,  the 
operational  temperature  best  suited  to  the  metal.  Here, 
the  alpha  phase  can  be  strengthened  by  adding  very 
small  amounts  of  oxygen,  nitrogen,  or  carbon,  atoms  of 
which  concentrate  in  the  alpha  phase  and  occupy  inter- 
stitial positions  in  the  crystal  lattice. 

Utilization.  Approximately  99  percent  of  the  780,097 
short  tons  of  ilmenite  concentrates  and  titanium  slag 
consumed  in  the  United  States  during  1954  was  used  in 
the  manufacture  of  high-opacity  pigments  for  paints, 
enamels,  and  glazes  (Tumin,  1955).  Titanium-dioxide 
powder  is  an  exceedingly  opaque  material  that  weathers 
and  discolors  less  rapidly  than  other  paint  bases.  Its 
whiteness,  high  refractive  index,  chemical  stability,  and 
relative  cheapness  also  contribute  to  its  usefulness  as  a 
pigment  base.  The  characteristics  of  titanium-dioxide 
pigment  can  be  modified  by  the  addition  of  various  com- 
binations of  extenders  and  additives. 

In  1954,  about  21  thousand  tons  of  rutile  were  con- 
sumed in  the  United  States,  and  were  used  chiefly  for 
titanium  metal,  alloys,  and  carbide,  and  for  welding-rod 
coatings.  Smaller  quantities  were  used  in  ceramics,  chem- 
icals, and  fiberglass  (Tumin,  1955).  Titanium  metal  is 
useful  because  it  is  intermediate  between  aluminum  and 
stainless  steel  in  its  density,  modulus  of  elasticity,  and 
elevated-temperature  strength.  In  addition,  it  is  a  highly 
refractory  material  (melting  begins  at  approximately 
1,725°  C),  is  resistant  to  corrosion  by  sea  water  and 
many  chemicals,  and  has  a  low  rate  of  thermal  con- 
ductivity and  a  low  coefficient  of  expansion. 

A  small  but  important  use  of  titanium  is  as  a  minor 
alloying  constituent  with  other  metals  in  iron.  Titanium 
in  high-  and  medium-carbon  ferroalloys  is  used  chiefly 
to  deoxidize  steel  or  to  control  its  grain  size.  Low-carbon 
ferrotitanium  alloys  are  used  to  stabilize  carbon  and 
nitrogen  in  various  types  of  steels,  whereas  ferrosilicon- 
titanium  alloys  are  added  to  iron  to  produce  low-alloy, 
high-strength  steels.  Titanium  is  added  to  medium  man- 
ganese steel,  widely  used  for  high-strength  railroad  cast- 
ings, in  order  to  refine  the  grain  size  and  thus  reduce 
air-hardening.  The  weldability,  short-time  creep  strength, 
and  stress-rupture  ductility  of  chromium-molybdenum 
steels  are  improved  by  the  addition  of  titanium. 

The  use  of  pure  or  alloyed  titanium  metal  is  increas- 
ing as  extractive  processes  and  metal-working  techni- 
ques are  improved.  Because  titanium  metal  functions 
well  at  moderately  high  temperatures,  is  lighter  in  weiijht 
than  an  equivalent  volume  of  stainless  steel,  and  has 
good  wearing  properties,  it  has  been  designed  into  com- 
mercial and  military  aircraft  parts  such  as  bulkheads, 
shroud  assemblies,  ammunition  tracks,  fasteners,  and 
jet  tailpipe  aspirators. 

Titanium  and  titanium  alloys,  however,  are  not  only 
planned  for  aircraft  still  on  the  drawing  boards,  but  are 
used  in  current  operational  models  of  certain  military 
and  civilian  aircraft.  The  Douglas  Aircraft  DC-7,  for 


example,  uses  more  than  350  pounds  of  titanium  in  the 
engine-nacelle  skin  and  firewall  webs,  and  the  DC-7C 
uses  more  than  850  pounds  of  titanium  in  the  airframe 
(American  Metal  Market,  Feb.  2,  1956).  Titanium  alloys 
are  used  in  the  front  compressor  case  and  the  inter- 
mediate case  of  the  J-57  turbojet  engine,  and  unalloyed 
titanium  is  used  in  the  inlet  case.  This  engine  is  used 
in  such  aircraft  as  the  Boeing  B-52  Strato  Fortress,  the 
North  American  F-lOO  Super  Sabre,  and  the  McDonnel 
F-101  Voodoo.  The  Convair  P-102,  also  powered  by  a 
J-57  engine,  uses  400  pounds  of  titanium  and  its  alloys 
in  ducts,  leading-edge  ribs  of  the  wings,  the  fuselage 
frame,  the  engine  area,  and  in  wing-spar  fittings  (fig.  5). 

Titanium  dioxide  finds  a  limited  use  in  the  manufac- 
ture of  electrodes  for  electric-arc  lamps.  Small  amounts 
of  titanium  alloys  and  compounds  are  used  in  electrodes 
and  filaments  of  electron-discharge  tubes,  negative  ele- 
ments of  thermocouples,  and  in  the  ignition  electrodes  of 
electrical-resistance  heaters.  Very  finely  ground  rutile  or 
sphene  is  used  in  extruded  electric  welding  rods  in  order 
to  stabilize  the  arc  and  reduce  viscosity  in  the  welding 
slag.  Ground  titanium  dioxide  is  a  major  component  of 
sintered  ceramic-  or  organic-bonded  electrical  insulating 
materials. 

Titanium  tetrachloride  is  used  in  smokescreens  and 
skywriting.  However,  because  titanium-tetrachloride 
clouds  dissipate  more  rapidly  than  those  produced  from 
white  phosphorous  or  oleum,  this  material  has  had  only 
limited  military  application.  Small  amounts  of  pow- 
dered titanium  metal  are  used  in  pyrotechnics  because 
of  the  brilliant  white  light  produced  by  its  combustion. 

As  a  water-purifier  coagulant,  titanic  sulfate  is  su- 
perior to  aluminum  and  ferric  sulfates  in  its  ability  to 
remove  color  and  yield  good  floes  over  a  wide  range  of 
hydrogen-ion  concentration.  Titanium  tetrachloride  is 
used  as  a  flocculating  agent  in  sewage  treatment,  and 
titanium  dioxide  is  used  to  remove  fatty  acids  from 
laundry  wastes. 

Titanium  dioxide  (refractive  index  approximately 
2.7),  added  in  small  amounts  to  paper,  provides  a  high 
degree  of  opacity  and  a  natural  white  tone  in  the 
finished  product. 

Non-reflective  rayons  are  made  by  incorporating  a 
chemically  inert  pigment  such  as  titanium  dioxide  into 
the  viscose  solution  from  which  the  rayon  fibers  are 
spun.  Reflection  is  kept  to  a  minimum,  as  diameters  of 
the  titanium  dioxide  particles  are  less  than  the  average 
wavelength  of  visible  light.  Such  particles  produce  an 
interference  effect  in  the  incident  light,  part  of  which 
is  then  absorbed  by  the  pigmented  surface. 

Various  titanium  compounds  are  used  as  mordants,  or 
dye-fixing  agents,  in  the  textile  industry.  In  addition, 
titanium  tannate  is  used  as  a  dye  to  produce  shades  of 
yellow  on  mercerized  cotton,  and  trivalent  salts  of  tita- 
nium are  used  to  strip  dyes  from  cotton,  wool,  and  silk. 
Potassium-titanium  oxalate  is  used  as  a  mordant  or  to 
produce  a  stable,  yellowish-brown  color  in  leather  goods. 

A  small  proportion  of  relatively  pure  titanium  dioxide 
is  added  to  artificial  teeth  to  provide  a  natural  yellowish 
tint.  Synthetic  star  sapphires  and  rubies  are  made  by 
fusing  powdered  aluminum  oxide  containing  minute 
quantities  of  purified  titanium  dioxide.  As  a  minor  con- 
stituent of  various  compositions  of  glass,  titanium  diox- 
ide promotes  acid  resistance,  retards  devitrification,  and 
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increases  heat-absorption  capacity.  These  properties  are 
especially  useful  in  chemical  jjlassware. 

Titanium  dioxide  and  tetrachloride  are  used  as  cata- 
lysts in  many  organic  and  inorganic  chemical  reactions. 
Hydrous  titanium  oxide  is  a  carrier  of  the  rare  element 
protactinium,  and  sometimes  is  used  to  isolate  it  in  com- 
plex chemical  processes.  Salts  of  titanium  have  shown 
promise  as  a  first-aid  antidote  for  plutonium  poisoning. 
In  experiments  on  animals,  the  plutonium  dissolved  in 
the  bloodstream  has  been  prevented  from  settling  in  bone 
by  injecting  salts  of  titanium,  zirconium,  or  aluminum 
into  the  blood.  The  salts  decompose  and  release  insoluble 
metal  hydroxides,  which  take  up  plutonium  from  the 
blood  and  are  shortly  thereafter  eliminated  from  the 
body. 

Accurate  data  on  the  consumption  of  titanium  prod- 
ucts in  California  are  not  available.  During  1954,  how- 
ever, an  estimated  32,200  short  tons  of  titanium  dioxide 
were  consumed  in  white  hiding-pigments  in  California. 
Welding-rod  manufacturers  probably  consumed  about  55 
short  tons  of  rutile  and  18  tons  of  manufactured  tita- 
nium dioxide.  The  U.  S.  Bureau  of  Mines  reported  that 
an  estimated  1150  tons  of  titanium  mill-products  were 
consumed  in  the  United  States  during  1954  for  jet  en- 
gines, gas  turbines,  and  aircraft  structural  parts. 
(Tumin,  1955,  p.  3.)  An  estimated  60  to  70  percent  of 
this  tonnage  was  consumed  by  aircraft  manufacturers 
in  California.  The  small  tonnage  of  titanomagnetite  that 
was  mined  from  placer  deposits  in  California  during 
1954  was  used  as  roofing  granules. 

Marketing  and  Prices.  The  nominal  price  quotation 
(Eng.  and  Min.  Jour.  Metal  and  Mineral  Markets)  for 
ilmenite  in  June  1956  was  $26.25  per  ton  of  jninimum 
59.5  percent  TiOo  ore,  f.o.b.  Atlantic  seaboard.  Rutile 
concentrates,  94  percent  Ti02,  were  10  to  15  cents  per 
pound,  f.o.b.  shipping  point.  Grade  A-1  titanimn  sponge, 
99.3  percent  Ti,  has  dropped  from  an  initial  price  of 
$5.00  per  pound  in  November  1954  to  $3.00  per  pound 
in  July  1956. 

In  addition  to  either  cheap  transportation  or  a  nearby 
source  of  titanium  ore,  the  principal  factors  that  control 
the  location  of  a  titanium  metal  plant  are  abundant, 
cheap  power,  a  nearby  source  of  abundant  chlorine  gas 
or  of  commercial  grade  titanium  tetrachloride,  and  the 
availability  of  large  amounts  of  water.  Also  to  be  con- 
sidered are  the  cost  of  obtaining  magnesium  and  other 
chemicals,  and  the  cost  of  real  estate  and  of  construct- 
ing the  physical  plant.  The  cost  of  a  titanium-metal 
plant  has  been  estimated  at  approximately  $4200  per 
short  ton  of  yearly  capacity  (Cservenyak  and  Tumin, 
1955).  A  titanium-pigment  plant  requires  large  steam 
facilities,  access  to  cheap  transportation,  a  nearby  source 
of  abundant  sulfuric  acid,  and  large  amounts  of  water. 
In  addition,  it  shoidd  be  located  to  allow  easy  disposal 
of  wastes  such  as  acids  and  ilmenite  residue.  Cservenyak 
and  Tu7nin  (1955)  have  estimated  that  a  titanium-pig- 
ment plant  may  cost  $200,000  per  ton  of  daily  capacity. 

Titanium  mining  in  California  is  hindered  by  the 
absence  of  a  sizable  market  for  titanium  concentrates 
within  the  state.  Except  for  the  sponge  plant  of  Tita- 
nium Metals  Corporation  of  America  at  Henderson, 
Nevada,  which  is  supplied  exclusively  by  rutile  from 
Australia,  all  the  domestic  concerns  that  produce  tita- 


nium pigments  and  metal  are  situated  east  of  the  Mis- 
sissippi. This  is  because  of  the  relative  proximity  of 
large  deposits  of  titanium  minerals,  and  because  the  raw 
materials  that  such  plants  consume,  including  power, 
water,  and  industrial  chemicals,  can  be  obtained  econom- 
ically and  in  sufficient  quantity  from  eastern  sources. 

The  establishment  of  a  titanium  mining  industry  in 
California  also  has  been  hindered  by  the  lack  of  known 
economic  deposits  of  rutile  or  ilmenite,  and  by  the  char- 
acter of  the  known  titanomagnetite  deposits.  Ilmenite 
and  magnetite  are  so  intimately  intergrown  in  the  San 
Gabriel  titanomagnetite  that  grinding  to  the  size  neces- 
sary for  separation  produces  slimes,  thereby  making 
separation  economically  impossible.  Large-scale  mining 
of  the  known  titanomagnetite  deposits  in  California 
must  await  development  of  both  a  suitable  market  and 
a  method  by  which  this  material  can  be  treated  at  a  cost 
competitive  with  the  production  costs  of  titanium  con- 
centrates elsewhere. 

Tahle  I.     Annual  production  of  titiiniiim  oren,  IjOs  Anyelex 
County,  CaUforniu. 

Year  Tons  Value 

1927-28 10,013  $150,19.'! 

1929-38 0  0 

1939-40 160  1.800 

1941-42 295  ,%685 

194.S-44 250  3,400 

1945   0  0 

1946-54 approx.  4,000            approx.     72,000 

Total Approx.  15,000         Approx.  .$231,000 

Tahle  2.     Comparative  costs  of  titanium  in  common 
source  material. 

Cost 
per  poll  nil 
Approximate  Unit  contained 

composition  cost  titanium 

Ilmenite  concentrates  __  59.5%  TiOi         .1!26.25/ton*  3.7^ 

Sorel  slag 70%  TiO^  2(f/\h.**  4.8<! 

Rutile  concentrates 94%  TiOa  10-l-^(t/\b.*         5.6-8.5»t 

Titanium  tetrachloride..  TiCl,  40.75,;/ll).**«         $1,617 

*  Kng.  and  Min.  Jour.  Metal  and  .Mineral  Markets.  June  H)5ti. 
»•  .Mastin,  M.  G.,  June  1956,  Eng.  and  Jlin.  Jour.,  p.  79. 
•••  Oil,  Paint  &  Drug  Reporter,  June  19.56. 

Table  3.     Partial  analyses  of  titaniferous  ores. 

r.ocation  TiOa  Fe  CrsOs  VjO..^        P2O,, 

Adirondack  1 44.4  32.9  0.000  0.13 

Allard  Lake,  Quebec  = 34.8  40.3  0.2S  0.75         0.015 

"      ' 71.9  0.25  0.52  X.I). 

Iron  Mountain,  Wyo.' 20.0  4S.0  __  0..".0         0.03 

Cudgen,  Australia  = 51.2  .32.2  2.50  0.21 

Travancore,  India" 54.1  :{0.C  0.09  0.23 

San  Gabriel  Mts.,  Calif.'__  19.6  46.1  __  0.53         1.74 

"     »__     8.9  32.8  __  0.04 

"     »__  19.1  2.3.3  __  0.02 

1  Kock  ilmenite,  3-yr.  composite:  Oillson  (1953),  p.  1066. 

-Titanium  ore:  ICnoerr  (1952),  p.  9. 

"Titanium  slag:  Knoerr  (1952),  p.  9. 

*  "Ore,"  approx.  average:  Frey  (1946). 

'■'Beach  ilmenite:  Gillson  (1953),  p.  1066. 

"  Beach  sand,  arizonite-ilmenlte:  Gillson  (1953),  p.  1067. 

'Ore  used  for  paint  base,  1927:  Oakeshott  (1948).  p.  250. 

**  "Massive  ore"  in  gabhro,  Pacoima  Canyon:  t)akeshott  (1948).  p.  262. 

«  Placer,  Pacoima  Canyon  (average  of  U.S.B.M.  74,  75  &  77)  :  Oakeshott  (1948),  p.  262. 
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TUNGSTEN 

By  Richard  M.  Stewart 


Commercial  production  of  tungsten  ore  in  California 
bejran  in  1905.  During  the  ])eriod  1905-54,  deposits  in 
the  state  yielded  a  total  of  about  54,000  tons  of  concen- 
trates containing  a  minimum  of  60  percent  WO3.  This 
output  represents  slightly  more  than  30  percent  of  the 
nation's  total  production  and  had  a  total  value  of  about 
$98,000,000.  In  1954,  sources  in  California  yielded  8,512 
tons  of  concentrates,  and  California  was  second  to 
Nevada  as  a  domestic  .source  of  tungsten  ore.  Moreover, 
1954  was  the  first  year  in  which  the  value  of  the  tungsten 
concentrates  produced  in  California,  $18,209,371,  ex- 
ceeded the  value  of  any  other  metal  produced  in  the 
state  during  the  same  year. 

Mineralogy  and  Geologic  Occurrence.  Tungsten  does 
not  occur  free  in  nature  and  is  a  constituent  of  relatively 
few  minerals.  Of  the  14  known  tungsten-bearing  min- 
erals, the  only  ones  of  commercial  importance  are 
scheelite  (CaW04)  and  the  three  minerals  in  the  iso- 
morphous  wolframite  series — ferberite  (FeW04),  wol- 
framite (Pe,MnW04),  and  huebnerite  (MnW04).  Most 
of  the  world 's  tungsten  output  is  obtained  from  scheelite 
and  wolframite.  Ferberite  is  the  principal  mineral  in 
most  productive  tungsten  deposits  of  Colorado ;  huebner- 
ite seldom  is  found  in  commercial  (piantities. 

Scheelite  is  a  light-colored  mineral,  ranging  from 
white  to  gray  to  light  shades  of  yellow,  green  and  red- 
dish- or  orange-brown.  Its  luster  ranges  from  greasy  to 
vitreous.  It  is  heavy  (specific  gravity,  5.9  to  6.1),  mod- 
erately hard  (4.5  to  5),  brittle,  and  breaks  either  with 
an  uneven  to  sub-conchoidal  fracture  or  along  one  dis- 
tinct cleavage  plane. 

Scheelite  contains  80.6  percent  W0;(  when  pure,  and 
is  the  principal  tungsten  mineral  in  California.  It  is 
most  easily  recognized  by  a  bright  bluish-white  fluores- 
cence under  ultra-violet  light.  Molybdenum  can  substi- 
tute for  part  of  the  tungsten  in  the  scheelite  formula, 
and  a  partial  isomorphous  series  extends  toward  powel- 
lite  [Ca(Mo,W)()4j  at  least  to  a  molybdenum-tungsten 
ratio  of  1  to  1.88  (Palache,  1951,  p.  1075).  As  the  molyb- 
denum content  increases,  the  color  of  the  fluorescence 
changes  from  blue-white  to  white  to  yellowish-white. 

The  presence  of  tungsten  can  be  detected  by  boiling 
a  powdered  sample  of  a  tungsten-bearing  material  in 
strong  hydrochloric  acid.  If  an  appreciable  amount  of 
tungsten  is  present,  a  lemon-yellow  residue  of  tungstic 
acid  will  form.  This  residue  will  dissolve  if  an  excess  of 
ammonia  is  added.  Tin  or  zinc  added  to  hydrochloric 
acid  that  contains  dissolved  tungsten  will  cause  the 
solution  to  turn  successively  blue  and  brown. 

Though  tungsten  deposits  have  formed  under  widely 
different  conditions  of  temperature  and  pressure,  they 
characteristically  occur  in  or  near  bodies  of  acidic  igne- 
ous rocks.  Tungsten  minerals  commonly  are  scattered 
through  igneous  rocks,  particularly  pegmatite  and 
aplite  dikes,  but  few  of  these  occurrences  are  of  economic 
interest.  Most  commercially  valuable  concentrations  of 
tungsten  minerals  have  formed  in  veins  and  replace- 
ment or  contact  metamorphic  bodies  that  are  near  igne- 
ous masses. 


Fuii'RE  1.  Chart  showiiij;  amount  of  tuns.sten  concpiitrate.s  (60 
percent  WOs)  produced  in  California  and  average  i)riie  per  unit, 
l<.)0r)-1955. 


Most  tungsten-bearing  veins  are  rich  in  quartz  and 
commonly  contain  both  scheelite  and  wolframite.  In 
many  of  the  higher-temperature  veins,  the  tungsten  min- 
erals are  accompanied  by  cassiterite  (SnOa)  ;  in  many 
of  the  medium-  and  lower-temperature  veins,  such  min- 
erals as  pyrite  (FeSo),  chalcopyrite  (CuFeS^),  sphaler- 
ite (ZnS),  and  galena  (PbS)  are  present.  The  scheelite- 
rich  quartz  veins  of  the  western  United  States,  such  as 
those  at  Atolia,  California,  contain  no  wolframite.  The 
wolframite-quartz  veins  of  Colorado  (Hess  and  Schaller, 
1914;  Lovering,  1940)  and  South  Dakota  (Irving,  et  al., 
1904,  pp.  163-169)  contain  only  minor  proportions  of 
scheelite. 

Most  of  the  tungsten  mined  in  California  in  recent 
years  has  been  obtained  from  contact-metamorphic  de- 
posits. Eighty-five  percent  of  all  of  the  known  deposits 
are  in  tactile  (Bateman  and  Irwin,  1954,  p.  34)  which 
is  "a  rock  of  more  or  less  complex  mineralogy  formed 
by  the  contact  metamorphism  of  limestone,  dolomite  or 
other  soluble  rocks  into  which  foreign  matter  from  the 
intruding  magma  has  been  introduced  by  hot  solutions 
or  gases"  (Hess,  1918,  ]^.  378).  The  most  common  min- 
erals in  tactite  deposits  are  reddish-brown  garnet  of 
the  grossularite-andradite  series,  epidote.  green  pyroxene 
(diopside-hedenbergite  series),  quartz,  and  ealcite. 
Scheelite  is  by  far  the  most  abundant  tungsten  mineral 
in  tactite  bodies,  but  commonly  shows  an  irregular  dis- 
tribution. In  California  many  tungsten-bearing  tactite 
bodies  contain  appreciable  proportions  of  molybdenite 
and  copper  minerals.  Tactite  bodies  characteristically 
are  irregular  in  shape  in  contrast  with  the  tabular,  tung- 
sten-bearing vein  deposits. 


(  6-.r.  ) 
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TUNGSTEN    DEPOSITS 


CALIFORNIA 


(?)        Major   source 
•         Intermediate  source 

Other  mines  and  deposits 


1.  Block  Rock 

2.  Strowberry 

3.  Adomson 

4.  Pine  Creek 


5.  Round   Volley 

6.  Little  Sister 

7.  Tunqstor 

8.  Gornet   Dike 

9.  Consolidoled 

10.  Tulore  County 

1 1.  Tungstore 

12.  Hoyword,  Ourtiom 

13.  Atolio  Mines 

14.  Storbrigtit 


ME)'!' 


FroURE  2.     Map  of  California  showing  distribution  of  tungsten  deposits.  Data  from  published  and  unpublished  reports  of  California  Divi- 
sion of  Mines  and  unpublished  reports  of  XJ.  S.  Geological  Survey. 


Tungsten — Stewart 
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Because  some  tinip;sten  minerals  are  resistant  to 
weatherinfr,  they  are  readily  concentrated  in  placer  de- 
posits. For  many  years  the  wolframite  placers  of  China 
were  the  world's  principal  source  of  tungsten.  As  schee- 
lite  is  brittle  and  easily  reduced  to  slime,  it  ordinarily 
does  not  accumulate  in  placer  deposits.  Those  that  do 
exist  are  closely  associated  with  tlieir  sources  and  con- 
sist of  coarse-grained  material.  The  seheelite  placers  in 
the  Atolia  district  of  California  are  among  the  few  ex- 
amples of  this  type. 

Localities  in  California.  California,  with  the  possible 
exception  of  Nevada,  contains  more  tungsten-bearing  lo- 
calities than  any  other  state.  Most  of  these  are  confined 
to  the  areas  intruded  by  the  Sierra  Nevada  batholith,  of 
Mesozoic  age,  or  satellite  bodies  related  to  it.  Tungsten 
deposits  are  particularly  abundant  along  the  east  and 
west  borders  of  the  batholith  from  Kern  and  San  Ber- 
nardino Counties  northward  to  Madera  and  Mono  Coun- 
ties. They  are  relatively  sparse  in  the  northern  portion 
of  the  batholith  area.  Tungsten-bearing  tactite  deposits 
also  are  associated  with  isolated  bodies  of  granitic  rock 
that  lie  farther  east  (Bateman  and  Irwin,  1954,  p.  34). 
Tungsten  deposits  of  proved  commercial  value  have 
not  been  discovered  in  the  Coast  Ranges  or  Klamath 
Mountains. 

Throughout  the  tungsten-bearing  belt,  metamorphosed 
sedimentary  rocks,  older  than  the  batholith,  border  the 
igneous  bodies,  or  are  completely  surrounded  by  them. 
The  vein  deposits,  such  as  those  at  Atolia,  are  distinctly 
later  than  the  enclosing  granitic  rocks. 

Most  of  the  tungsten  ore  produced  in  California  has 
been  obtained  from  two  areas,  the  Atolia  district  in  San 
Bernardino  County,  and  the  Bishop  district  in  Inyo 
County.  The  Atolia  district  was  the  principal  source  of 
tungsten  ore  annually  in  the  state  until  1938,  when  it 
was  surpassed  by  the  Bishop  district. 


i//l//0/V  MINE,    SOUTH  VEIN 
OLD  NO.  I       NO.  I  MAIN 
SHAFT  SHAFT 


The  primary  tungsten  deposits  in  the  Atolia  district 
(Lemmon  and  Dorr,  1940,  pp.  205-245)  consist  of  a 
group  of  steeply  dipping  veins  that  contain  seheelite  in 
a  quartz-carbonate  gangue.  They  have  formed  along  frac- 
tures in  Mesozoic  quartz  monzonite.  The  known  veins  in 
the  district  are  confined  to  an  area  that  is  about  two 
miles  long  and  500  feet  wide.  The  six  most  productive 
mines  have  exploited  a  total  of  11  veins,  but  most  of  the 
tungsten  ore  was  obtained  from  two  of  these — the  North 
and  South  veins  in  the  Union  mine. 

The  veins  of  the  Atolia  district  were  deposited  in  open 
fissures,  and  the  wall  rocks  show  little  alteration.  The 
seheelite  is  confined  largely  to  nearly  vertical  shoots, 
most  of  which  are  thickest  near  the  surface  and  taper 
downward.  The  width  of  the  ore  bodies  ranged  from  a 
few  inches  to  17  feet.  The  largest  of  the  known  ore  shoots 
was  encountered  in  the  South  vein  in  the  Union  mine; 
this  had  a  maximum  exposed  horizontal  length  of  1,260 
feet  and  a  pitch  length  of  1,080  feet.  The  other  ore  shoots 
in  the  district  have  proved  much  smaller,  and  have  aver- 
aged about  100  feet  in  length.  The  T'nion  mine  was  pro- 
ductive to  a  depth  of  1,021  feet  but  most  of  the  veins  in 
the  district  pinched  out  at  depths  of  170  feet  to  260  feet. 

Some  large  masses  of  nearly  pure  seheelite  have  been 
found,  but  from  1909-40  the  average  grade  of  the  ore 
mined  each  year  ranged  from  1  to  15  percent  W():i,  and 
the  overall  average  grade  has  been  4.14  percent  WO3. 

The  Atolia  veins  are  the  source  of  the  seheelite  in  the 
extensive  placer  deposits  nearb^^  The  placer  area  east  of 
the  vein  deposits,  which  is  known  as  the  Spud  Patch,  has 
yielded  most  of  the  placer  seheelite.  Here  most  of  the 
seheelite  ranges  from  material  the  size  of  fine  sand  to 
fragments  ("spuds")  the  size  and  shape  of  potatoes, 
but  some  of  the  fragments  weighed  several  hundred 
pounds.  The  richest  seheelite  concentrations  are  in  well- 
defined  channels.  These  have  been  mined  by  underground 
methods,  and  in  later  years  by  stripping  and  large  open 
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Figure  4.     Pine  Greek  tungsten  mine  area,  Inyo  County,  showing    (1)   portal  of  Zero   (1500)   level,   (2)   Pine  Creek  mill,  and   (3)    ter- 
minal of  aerial  tram  from  Brownstone  mine.  Photo  courtesy  Curtis  Phillips,  Bishop. 
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pit  operations.  The  channels  have  been  worked  laterally 
for  distances  of  as  much  as  4,000  feet.  A  placer  area  to 
the  west  of  the  vein  deposits  has  been  worked  primarily 
lor  gold,  but  scheelite  has  been  obtained  as  a  by-product. 

The  tungsten  deposits  in  the  Bishop  district  are  dis- 
tributed along  the  eastern  slope  of  the  Sierra  Nevada 
and  in  the  lower  foothills  called  the  Tungsten  Hills.  This 
<listrict,  which  extends  from  Round  Valley  southward 
for  about  20  miles  and  also  includes  the  Pine  Creek  area 
ti)  tlie  west,  has  been  a  .source  of  tungsten  ore  since  1916. 
To  the  end  of  lf)53,  the  output  from  the  district  has 
totaled  about  1,300,000  units  of  WO^,  most  of  which 
was  obtained  from  the  Pine  Creek  mine  (Bateman,  1956) 
during  the  period  1942-53. 

The  Pine  Creek  mine,  operated  by  the  Union  Carbide 
Nuclear  Company  (formerly  the  United  States  Vana- 
dium Company),  contains  the  largest  known  reserve  of 
tungsten  ore  in  the  United  States  (Bateman,  1945,  p. 
233)  and  also  is  a  source  of  molybdenum,  copper,  and 
gold.  The  ore  bodies  are  near  the  north  end  and  on  the 
west  side  of  the  Pine  Creek  pendant,  an  elongate  mass 
of  metamorphic  rocks  which  is  surrounded  by  granite 
and  quartz  monzonite.  The  pendant,  which  is  about  5^ 
miles  long  and  1  mile  wide,  is  composed  of  hornfels, 
schist,  quartzite,  and  marble.  The  marble  occurs  chiefly 
in  a  3|  mile  belt  on  the  west  side  of  the  pendant. 

Tungsten  ore  is  confined  to  bodies  of  garnet-diopside 
taetite  that  occur  in  a  north-trending  contact  zone  be- 
tween the  granitic  rock  and  marble.  The  contact  zone 
also  contains  bodies  of  quartz  and  quartz-feldspar  rock. 
Scheelite  is  the  only  primary  tungsten  material.  Molyb- 
denite (M0S2)  is  present  in  all  the  known  ore  bodies,  and 
some  ore,  although  scheelite-bearing,  was  mined  primar- 
ily for  its  molybdenite  content  (see  section  on  molybde- 
num in  this  bulletin).  Powellite  [Ca(Mo,W)04]  (an 
oxidation  product  of  molybdenite),  bornite  (Cu.r-,FeS4), 
and  chalcopyrite  (CuFeS2)  are  present  in  minor  pro- 
portions. 

Bateman  (1956),  whose  recent  report  is  the  source  of 
most  of  the  following  description  of  the  Pine  Creek  mine, 
defines  an  "ore  body"  here  as  a  mass  of  taetite  contain- 
ing scheelite-bearing  ore  shoots.  Five  separate  ore  bodies 
lie  along  a  3,000-foot  segment  of  the  contact  zone.  The 
greatest  horizontal  separation  between  adjacent  bodies 
is  about  350  feet.  They  total  about  1,000  feet  in  combined 
length.  Listed  from  south  to  north,  these  are  the  South, 
Main  (formerly  North),  Pinnacle,  North  (formerly  Level 
E),  and  Ijoop  ore  bodies.  The  Pinnacle  ore  body  is  en- 
tirely enclosed  in  marble;  the  rest  are  along  the  contact 
between  marble  and  the  (|uartz  monzonite. 

The  size  and  spatial  relationships  of  the  ore  bodies 
are  indicated  by  the  nature  of  the  mine  workings.  The 
main  adits  and  their  altitudes  are : 

Level   C   11,215  feet 

Level  A   10,940  feet 

Zero    (1500)    level 9,430  feet 

Sub-levels  have  been  driven  between  Levels  A  and  C 
and  the  surface,  and  an  internal  shaft  was  sunk  250  feet 
from  Level  A.  The  mine  can  be  considered  in  two  parts. 
The  "old  mine"  consists  of  all  the  workings,  including 
surface  cuts,  about  Level  A.  The  second  part,  the  source 
of  all  ore  mined  since  1951,  consists  of  all  workings 
between  Level  A  and  Zero  level. 


The  South  ore  body  was  300  feet  by  150  feet  in  out- 
crop dimensions  but  was  only  50  feet  thick  on  Level  A 
and  15  feet  thick  in  a  diamond  drill  hole  600  feet  below 
Level  A.  It  was  not  identified  in  the  Zero  level.  The 
South  ore  body  was  occupied  almost  completely  by  a 
single  ore  shoot  that  liad  an  average  grade  of  0.75  per- 
cent WO.,. 

The  Main  ore  body,  about  300  feet  northeast  of  the 
South  ore  body,  had  an  outcrop  plan  300  feet  long  with 
an  average  width  of  50  feet.  This  body  is  remarkably 
persistent  through  a  vertical  distance  of  at  least  2,170 
feet.  In  horizontal  sections,  its  length  ranges  from  350 
to  600  feet  and  its  width  from  30  to  200  feet.  Its  maxi- 
mum plan,  just  above  Zero  level,  was  600  feet  long  and 
200  feet  wide  near  the  center.  The  ore  shoots  are  tabular, 
concordant  with  the  ore  body  and  have  the  greatest 
dimension  vertically;  some  have  been  persistent  through 
several  hundred  feet.  Above  Level  A,  the  ore  shoots 
comprised  40  percent  of  the  taetite.  Between  Level  A 
and  Zero  level  they  comprise  70  percent  of  the  taetite. 

The  Pinnacle  ore  body  extends  from  the  Main  body 
several  hundred  feet  northward,  but  only  a  part  of  the 
outcrop,  which  is  160  feet  long  and  25  feet  wide,  con- 
tains minable  amounts  of  tungsten.  This  deposit  has  not 
been  mined. 

The  North  ore  body  is  actually  a  group  of  smaller 
bodies  lying  about  1,000  feet  north  of  the  Main  body. 
It  has  been  mined  on  the  surface  and  underground  but 
was  a  relatively  small  source  of  ore.  The  Loop  ore  body 
has  been  explored  only  by  open  cuts. 

The  configuration  of  the  ore  shoots  is  determined  by 
assay ;  0.40  percent  WO.,  and  0.40  percent  MoSo  are  the 
assumed  cut-off  grades.  The  shoots  have  fairly  sharp 
boundaries  and  are  not  surrounded  by  large  tonnages 
of  marginal  grade  ore.  During  the  period  1942-44,  when 
the  exploitation  of  the  deposits  above  Level  A  was  at 
the  peak,  mill  heads  averaged  0.45  percent  WOa,  0.20 
percent  MoSo  and  0.12  percent  copper.  During  the  pe- 
riod 1949-53,  when  all  the  ore  was  from  the  Main  ore 
body  above  the  Zero  level,  the  mill  heads  averaged  0.52 
percent  WO:i.  During  a  single  year,  1952,  ore  from  the 
Zero  level  workings  averaged  0.52  percent  WOs,  0.12 
percent  MoSo  and  0.05  percent  Cu  (MeKinley,  11.  L., 
1953,  personal  communication). 

The  total  production  of  the  Pine  Creek  mine  to  the 
end  of  1953  is  1,057,498  units  of  WO^h,  6,130,559  pounds 
of  molybdenum,  1,967.97  tons  of  copper  and  670  ounces 
of  gold  recovered  from  smelting.  The  total  production 
from  the  Bishop  district  is  on  the  order  of  1,300  000 
units  of  WO3. 

The  Black  Rock  mine,  south  of  Benton  in  Mono  County, 
also  is  an  important  source  of  tungsten  ore.  The  meta- 
morphosed sediments  in  the  mine  area  liave  been  folded 
into  a  north-plunging,  asymetric  anticline  having  a  core 
of  marble  and  tactile  and  limbs  of  overlying  schist 
(Lemmon,  1941,  p.  587).  The  east  limb  dips  more  steeply 
than  the  west  limb.  The  latter  has  been  intruded  by  a 
mass  of  granite  having  an  outcrop  about  one  mile  long 
and  half  a  mile  wide.  Presumably  the  granite  cuts  across 
the  limestone  and  ore  at  a  relatively  shallow  depth. 
Limestone  and  tactile  are  exposed  across  an  area  about 
1,200  feet  wide,  and  much  of  this  outcrop  consists  of 
taetite.    Several  bodies   of   ore   within   the   taetite   zone 
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FuiiKK  (i.     Hlack  Koek  tungsten  mine,  Benton  Ranfre,  Mono  County  ;  mine  worliings  in  center,  mill  at  extreme  right  center.  Sierra  Nevada 
in  background.  Photo  by   Symons  Flying  Service,   Hishop.  Votirlesy  of  Wah  Chung  Mining  Corporation. 


have  been  explored  by  open  pits  and  underground  work- 
in«rs  on  four  levels.  The  deposit  is  beinp;  mined  by  the 
Wah  Chang;  Mininp:  Corporation,  and  production  early 
in  1956  was  at  the  rate  of  700  tons  per  day.  (Western 
Minino;  and  Industrial  News,  1956,  vol.  24,  no.  2,  p.  8.) 
The  ore  is  treated  in  an  all-flotation  plant. 

Contact-nietamorphie  deposits  in  other  areas  that  have 
supi)lied  important  amounts  of  tungsten  ore  include  sev- 
eral deposits  in  the  Darwin  district  in  Inyo  County 
(Bateman  and  Irwin,  1954,  p.  34),  the  Consolidated, 
Tungstore,  and  Tulare  County  mines  in  Tulare  County 
(Krauskopf,  1953,  pp.  14-17),  the  Garnet  Dike  mine  in 
Fresno  County  (Krauskopf,  1953,  pp.  13-14),  the  Straw- 
berry mine  in  Madera  County  (Kratiskopf,  1953,  pp. 
9-12),  and  the  Starbright  mine  north  of  Barstow  in  San 
Bernardino  County  (Bateman  and  Irwin,  1954,  pp. 
35-36).  The  last,  discovered  in  1950,  is  of  particular 
interest  because  it  lies  in  a  district  where  tungsten  pro- 
duction previously  had  been  small. 

Areas  from  which  relatively  small  amounts  of  tungsten 
ore  have  been  produced  include  the  upper  Kings  River 


area  in  Fresno  County  and  the  area  between  the  upper 
reaches  of  the  San  Joaqnin  and  Fresno  Rivers  in  Madera 
County  (Krauskopf,  1953)  ;  the  New  York  and  Old 
Woman  Mountains  in  San  Bernardino  Countv  (Bateman 
and  Irwin,  1954,  pp.  36,  38;  Wright,  et  al.,  1953,  p.  148)  ; 
and  the  Kernville  and  Welden  districts  in  Kern  County. 
The  deposits  of  all  these  areas,  except  those  in  the  New 
York  Mountains,  are  scheelite-bearing  contact-metamor- 
phic  bodies.  In  the  New  York  Mountains,  wolframite  and 
huebnerite  are  disseminated  in  pegmatite  dikes  and 
quartz  veins.  Seheelite  concentrations  occur  in  the  Idaho- 
Maryland  mine,  Nevada  County,  and  small  amounts  of 
ore  were  being  mined  early  in  1956.  Seheelite  previously 
had  been  recovered  from  tailings  at  the  mine. 

History  of  Production.  The  first  commercial  tunusten 
production  in  California  was  obtained  in  1905  from  the 
Stringer  district  in  eastern  Kern  County.  With  the  dis- 
covery of  the  Atolia  district  shortly  afterward,  Califor- 
nia became  an  important  source  of  ttuigsten.  At  this  time, 
the    ferberite    deposits   in    Colorado    were    the    nation's 
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Figure  7.     Generalized  flowsheet  of  small  tungsten  mill. 

principal  tungsten  source,  but  in  1915,  largely  as  a  result 
of  production  from  the  Atolia  district,  California 's  tung- 
sten output  exceeded  Colorado's. 

The  tungsten  deposit  of  the  Bishop  district  had  been 
discovered  by  1913,  but  the  first  recorded  production  was 
obtained  in  1916.  By  1918  several  mines  in  this  district 
were  operating. 

The  peak  prodviction  of  this  early  period  was  reached 
in  1917  when  a  total  of  2,466  tons  of  concentrates  was 
obtained.  After  the  war,  prices  fell  and  tungsten  output 
slumped.  During  the  period  1921-22  no  tungsten  was 
produced  in  the  state.  In  1922,  when  an  import  duty  was 
levied  on  tungsten,  production  was  resumed. 

California's  tungsten  output  increased  to  781  tons  of 
concentrates  in  1924  and  then  declined  vintil  1933.  Ex- 
cept for  a  minor  slump  in  1935,  production  increased 
from  1933-43.  In  1937  this  increase  was  spurred  by  an 
increase  in  price,  brought  about  by  the  rearmament  pro- 
gram. It  reached  a  high  of  4,235  tons  of  concentrates  in 
1943.  In  the  period  1943-47  production  dipped  sharply, 
but  prices  have  continued  high  and  in  1948  there  was  a 
marked  upswing  to  1,767  tons  of  concentrates  for  the 
year. 

A  decrease  to  952  tons  in  1949  reflected  production 
problems  at  the  Pine  Creek  mine.  World-wide  scarcity 
and  government  encouragement  of  domestic  production 
caused  a  sharp  upswing  in  the  production  starting  in 
1950.  In  1954,  sources  in  California  yielded  3,512  short 
tons.  Because  of  the  continuing  government  price  sup- 
port for  tungsten  concentrates  from  domestic  sources, 
production  continued  at  a  high  rate  through  1955.  Pro- 
duction in  1956  declined  because  of  the  completion  of 
one  stockpile  program  and  the  lag  in  initiating  another 
program  that  finally  had  to  be  discontinued  late  in  the 
year  pending  the  appropriation  of  more  funds. 

Mining.  Tungsten  deposits  are  mined  in  much  the 
same  way  as  deposits  of  other  metals.  Some  ore  is  ob- 
tained from  open  cuts,  but  most  is  mined  from  under- 
ground workings.  Mining  methods  range  from  simple 


open  stoping  yielding  low  tonnages  to  large-scale,  sub- 
level,  blast-hole  stoping  as  employed  at  the  Pine  Creek 
mine  (McKinley,  1951,  pp.  79,  80;  Bateman,  1956). 

In  the  upper  part,  the  "old  mine,"  of  the  Pine  Creek 
mine,  some  shrinkage  stopes  were  used,  but  all  ore  is 
noM-  obtained  from  a  sub-level  stoping  system  in  work- 
ings connected  to  the  low-level  adit,  the  Zero  level.  In  ore 
bodies  as  wide  as  20  to  40  feet,  sub-level  drifts  are  driven 
at  40-foot  vertical  intervals  above  a  haulage  level  and  in 
opposite  directions  from  a  central  raise.  Each  drift  may 
be  as  long  as  150  feet  and  connects  with  a  raise  at  the 
end  of  the  block  of  ore  that  may  be  as  high  as  200  feet. 
Each  end  raise  is  widened  to  a  slot  across  the  entire 
width  of  the  ore  body.  Diamond  drill  blast  holes  are  then 
ring  drilled — the  holes  having  angular  spacing  in  one 
plane — from  the  sub-level  drifts,  starting  at  the  slots  and 
retreating  toward  the  central  raise.  The  rings  of  holes 
cover  a  vertical  angle  of  at  least  90°  and  are  spaced  at 
intervals  of  5  feet.  Several  rings  are  blasted  in  sequence, 
using  millisecond  delays.  The  sub-level  nearest  the  haul- 
age level  is  started  first,  and  the  others  follow  in  sequence. 

In  ore  bodies  less  than  20  feet  wide,  sub-level  drifts 
are  driven  along  one  wall  at  50-foot  vertical  intervals 
and  connect  to  raises  as  above.  The  drifts  are  then 
widened  to  the  limits  of  the  ore  body,  and  slots  are  cut 
from  the  end  raises.  Rows  of  long  vertical  holes  are 
drilled  across  the  ore  body  from  the  sub-levels  at  7-foot 
centers.  The  rows  of  holes  are  blasted  in  pairs. 

At  Atolia  (Wright  et  al.,  1953,  p.  145),  the  methods 
employed  in  mining  the  placer  deposits  are  notable  in 
that  as  much  as  90  feet  of  overburden  was  removed  to 
reach  channels  of  scheelite-bearing  gravel  8  to  9  feet 
thick.  Open  cuts  also  are  used  to  mine  the  surface  por- 
tions of  some  of  the  veins  in  the  weathered  quartz  mon- 
zonite.  Weathering  has  extended  to  depths  of  50  to  lOO 
feet,  and  the  rock  is  easily  broken.  Cuts  ordinarily  are 
100  to  200  feet  wide  and  30  to  60  feet  deep. 

One  unique  aspect  of  mining  scheelite-bearing  de- 
posits is  the  use  of  the  ultra-violet  light.  It  is  not  only  an 
invaluable  tool  during  the  prospecting  stage,  but  once 
the  occurrence  and  distribution  of  the  scheelite  is  under- 
stood, the  ultra-violet  light  is  valuable  as  an  aid  in  con- 
trolling the  grade  of  ore  mined. 

Milling.  The  high  specific  gravity  of  tungsten  min- 
erals, ranging  from  approximately  6  for  scheelite  to 
7.2-7.5  for  the  wolframite  series,  makes  them  amenable 
to  gravity  concentration  methods,  which  are  the  most 
widely  used  in  the  industry.  The  chief  difficulty  in  this 
method  is  the  loss  of  tungsten  minerals  in  the  fine  sizes 
(slimes).  Tungsten  minerals  are  very  friable  and  brittle, 
and  unless  their  recovery  is  effected  as  soon  as  they  are 
free,  the.y  will  be  over-ground,  and  slime  lo.sses  will  oc- 
cur. These  losses  may  be  so  high  as  to  make  an  operation 
uneconomic. 

Prevention  of  overgrinding  of  the  ore  minerals  may  be 
accomplished  by  stage  crushing  in  closed  circuit  with 
screens  and  the  use  of  jigs  either  between  the  grinding 
unit  and  classifier  in  closed  circuit,  or  just  ahead  of  the 
grinding-classifier  circuit. 

Concentrating  tables  are  standard  equipment  in  al- 
most all  tungsten  mills.  Adequate  hydraulic  classification 
of  the  table  feed  adds  considerably  to  table  efficiency. 
Flotation  is  a  very  important  method  in  treating  com- 
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Figure  8.     Generalized  flowsheet  of  Pine  Creek  mill,  Inyo  County. 


plex  ores,  especially  those  containinpr  sulfide  iiiiiierals, 
and  in  recovering  "slimed"  tungsten  minerals.  Owing 
to  the  presence  of  such  minerals  as  fluorite  or  caleite 
that  are  concentrated  with  scheelite  in  the  flotation 
process,  a  flotation  concentrate  may  be  too  low-grade  to 
be  shijiped  direct.  Subsequent  treatment  may  involve 
table  concentration  and  chemical  digestion.  (liirnet  and 
sidfide  minerals,  which  are  both  common  in  scheelite 
deposits,  must  be  removed  by  a  flotation  process,  as  they 
otherwise  become  concentrated  with  scheelite  and  have 
to  be  removed  by  roasting  and  magnetic  separation. 

In  the  mills  that  employ  only  gravity  concentration 
methods,  recovery  may  average  from  60  to  70  percent ; 
an  80  percent  recovery  is  exceptional.  The  use  of  flota- 
tion in  conjunction  with  gravity  methods  may  permit 
recoveries  as  high  as  70  to  90  percent  (Geehan,  1055, 
pp.  3,  4). 

Figure  7  shows  a  generalized  flowsheet  of  a  typical 
small  tungsten  mill.  By  way  of  contrast,  figure  8  sum- 
marizes the  Pine  Creek  milling  operation.  The  notable 
feature  of  the  Pine  Creek  mill  is  the  chemical  section 
wherein  tungsten  and  molybdenum  are  recovered  in 
high-grade  marketable  products, 

A  milling  problem  is  faced  by  operators  of  most  small 
tungsten  mines  because  the  tungsten  sold  to  consumers 
or  to  the  government  stockpile  must  be  in  the  form  of  a 
concentrate  containing  at  least  60  percent  WO.-j,  Tung- 
sten ore  is  rarely  this  rich,  so  the  producer  has  three 
choices:  (1)  sell  his  ore  to  a  mill  operator,  (2)  have  his 
ore  custom  milled  and  market  the  concentrates  himself, 
or    (3)    mill   the  ore  himself.   In   determining   the  be.st 


possible  course  of  action,  the  mine  operator  sh.ould  con- 
sider these  factors : 

( 1 )  Size  and  grade  of  deposit.  These  factors  determine  the 
gross  value  of  the  ore.  Grade  may  he  considered  by  itself  if 
existing  mill  facilities  are  to  he  utilized.  Grade  and  size — 
the  gross  value — bear  importantly  on  whether  or  not  a  mill 
can  he  constructed  profitably. 

i'l)  Xature  of  the  deposit.  Is  the  ore  amenable  to  ordinar.v 
methods  of  concentration  that  will  produce  a  marketable 
concentrate   without   expensive   losses? 

(3)  Location  of  deposit.  This  alone  may  dictate  the  outlet  for 
the  ore. 


(4)   Availability    of    water,    supplies 
cost. 


and    labor    at    reasonable 


If  these  factors  rule  out  the  advisability  of  construct- 
ing a  mill,  the  other  two  choices  should  be  compared  on 
the  basis  of  probable  net  returns.  Operators  of  custom 
mills  charge  in  the  range  of  $8  to  $15  per  ton  of  tungsten 
ore  milled.  The  price  schedule  that  was  in  effect  in  Sep- 
tember 1956  at  the  only  continuing  ore-buying  facility 
in  California  is  shown  below  (McKinley,  li,  L.,  Tjiion 
Carbide  Nuclear  Corporation,  personal  communication). 
This  is  not  a  rigid  schedule,  but  it  can  be  considered 
typical  for  the  grades  and  types  of  ores  being  purchased 
by  this  company  in  1956.  Other  prices  might  be  arranged 
by  the  company,  depending  upon  laboratory  tests  and 
amounts  of  ore  offered. 

A  calculation  would  show  that  100  tons  of  ore  contain- 
ing 0.60  percent  WO.,  would  be  worth  $1,740  if  sold  to 
this  ore-buying  facilitj'.  In  comparison,  if  100  tons  of 
ore  of  this  same  grade  was  treated   at   a   custom   mill 
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Grade  of 

Price  (dollars 

Grade  of  ore 

concentrate  or  ore 

pel 

short  ton 

(%W03) 
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___.No 

payment 

0.40-0.449 

27.00 
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27.75 
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28.25 
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28.75 
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29.00 
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29.25 
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29.50 
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29.75 
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5.00-7.499  inclusive 



31.00 

7.50-9.999 

32.00 

10.00-14.999       " 

33.00 

plus  .steps  to 

30.00  and  higher  _-_ 



37.00 

making  only  a  60  percent  recovery,  the  concentrates 
recovered  would  have  a  gross  value  (at  the  government 
guaranteed  price  of  $55  per  unit)  of  $1,980.  After  pay- 
ing a  milling  charge  of  $12  per  ton,  for  example,  the  net 
return  would  be  $780.  If  the  custom  mill  charged  only 
$10  per  ton  of  ore  milled,  and  made  an  80  percent  recov- 
ery, the  concentrates  would  have  a  net  value  of  $1,640. 


Similar  calculations  can  be  made  for  different  grades  of 
ore.  Thus  100  tons  of  ore  containing  0.90  percent  WO3 
would  be  worth  $2,700  at  the  ore-buying  facility;  the 
mill  that  was  80  percent  efficient  and  charged  $10  per 
ton  would  recover  concentrates  having  a  net  value  of 
$2,960 ;  the  mill  that  was  60  percent  efficient  and  charged 
$10  per  ton  would  recover  concentrates  having  a  net 
value  of  $1,970. 

Custom  mills  at  numerous  places  in  California  have 
operated  from  time  to  time,  but  most  of  these  operations 
have  not  been  continuous  over  long  periods.  Concen- 
trates recovered  at  these  mills  have  been  sold  to  local 
buyers  or  to  the  government  for  the  stockpile.  In  Cali- 
fornia, the  General  Services  Administration  handles  the 
purchase  of  domestic  tungsten  concentrates  through  the 
office  of  the  Defense  Materials  Service  at  49  Fourth 
Street,  San  Francisco  3.  Purchases  by  this  agency  are 
dependent  upon  the  existence  of  an  authorized  program. 
Refer  to  the  section  on  Government  Programs,  later  in 
this  report. 

Metallurgy.  Although  some  high-purity  scheelite  con- 
centrates are  charged  directly  into  furnaces  to  make 
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Preparation  of  tungsten  compounds  and  tungsten  metal  jjroduct.s.  Adapted  from  C.  R.  Hayward,  1952;  K.  C  Li  and 
0.  U.  Wang,  1955;  Sylvania,  195^;  and  L.  F.  Yntenia,  li)5}f. 
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alloy  steel,  most  tuiifjsten  concentrates  are  subjected  to 
nietallurjiical  processes  to  produce  pure  tuiifrsteu  powder 
or  ferrotunfrsten.  Tungrsten  powder  in  turn  is  processed 
further  to  make  tunjjsten  metal  in  various  forms  or  tung- 
sten carbide,  the  hardest  artificial  substance  in  common 
use. 

The  extractive  metallurgical  treatment  of  tungsten 
concentrates  consists  of  four  steps:  (1)  decomposition  of 
the  ore,  (2)  preparation  of  a  pure  or  hydrated  oxide, 
(3)  reduction  to  metal  powder,  and  (4)  conversion  of 
the  powder  to  massive  metal  (Yntema,,  1954,  p.  485). 
The  various  steps  are  complex,  carefully  controlled,  and 
yield  intermediate  marketable  products  such  as  sodium 
tungstate,  phosphotungstic  acid,  tungstic  acid,  ammo- 
nium paratungstate,  and  tungstic  oxide.  Figure  6  out- 
lines the  preparation  of  these  compounds  and  metal  prod- 
ucts. The  reduction  of  the  tungstic  oxide  is  a  batch  proc- 
ess wherein  control  is  carefully  exercised  over  the  flow  of 
hj'drogen,  the  temperatures  involved  (1300°  F.  to  1900° 
F.)  and  the  time  of  reduction.  These  factors  influence  the 
particle  size  of  the  resulting  tungsten  powder;  })article 
sizes  that  range  from  0.5  to  5.0  microns  give  optimum 
results  in  the  further  preparation  of  the  massive  metal. 

The  melting  point  of  tungsten,  which  is  approximately 
3400°  C.  (6152°  F.),  is  the  highest  of  any  metal  and  of 
any  element  except  carbon  (Yntema,  1954,  p.  483). 
Powder  metallurgy  techniques  were  developed  originally 
to  produce  tungsten  in  a  usable  form.  Tungsten  rod  is 
prepared  by  pressing  blended  lots  of  tungsten  powder 
into  small  ingots.  These  are  treated  in  two  stages,  at 
temperatures  of  approximately  2200°  F.  and  5500°  F. 
The  ingot  then  can  be  swaged  at  elevated  temperatures 
to  produce  rod,  which  can  be  further  swaged  and  drawn 
at  high  temperatures  to  produce  wire  and  filament.  This 
hot  drawing  must  be  at  temperatures  below  the  recrystal- 
lization  temperature  for  tungsten,  or  about  1500°  C. 

Powder-metallurgy  is  also  used  to  produce  cemented 
tungsten  carbide.  Tungsten  carbide  powder  is  mixed 
with  powdered  cobalt,  pressed  into  small  bars  and  sin- 
tered in  a  reducing  atmosphere. 

Ferrotungsten  is  prepared  from  tungsten  powder  by 
a  thermite  process,  either  alumino-thermic  or  silico- 
thermic,  or  by  electric  furnace  methods.  Ferrotungsten 
an  also  be  prepared  directly  from  high-grade  ferberite 
concentrates  by  carbon  reduction  with  suitable  fluxes. 
According  to  Wang  (1951,  p.  856)  there  is  a  trend 
toward  an  increasing  use  of  high-purity  tungsten  con- 
centrates and  a  decreasing  use  of  ferrotung.sten  in  the 
manufacture  of  high-speed  tungsten  steel. 

Utilization.  The  properties  of  tungsten  that  make  it 
30  useful  in  modern  technology  include  a  melting  point, 
B400°  C.  (6152°  F.),  higher  than  any  other  metal;  a  low 
vapor  pressure;  an  electrical  conductivity  about  one- 
third  that  of  copper;  an  expansion  coefficient  about 
Dne-fourth  that  of  copper ;  a  density  about  2|  times  that 
of  steel  and  twice  that  of  lead;  a  high  tensile  strength 
nd  elasticity;  and,  possibly  most  important,  retention 
f  much  of  its  tensile  strength  and  elasticity  at  tempera- 
tures of  500°  C.  and  over. 

The  use  pattern  of  tungsten  is  influenced  by  two 
factors  that  have  become  apparent  during  the  period 
1942-55 : 


1.  During  periods  of  actual  tuuR.steu  scarcit.v,  consumers  were 
encourafted  to  design  tungsten  out  of  their  products.  Tliis  trend  is 
believed  bv  man.v  to  be  unrealistic  as  "transition  from  shortage  to 
abundance  was  the  ke.vnote  of  the  tungsten  industr.v  during  1053" 
(Geehan  and  Burke,  193"),  p.  1).  In  lf)ri3.  the  Tungsten  Institute 
was  formed  and  its  objectives  included  promotion  of  the  use  of 
tungsten.  Late  in  1955,  this  institute  arranged  for  a  research  pro- 
gram to  develop  new  high-tungsten  allo.vs  for  high  temperature 
api>licati(ms. 

2.  Tungsten  carbide  has  become  the  most  important  tungsten- 
consuming  product.  Tungsten  powder  is  the  raw  material  from 
which  tungsten  carbide  is  produced.  The  growth  of  this  industry  is 
indicated  in  the  table  below. 

Consumption  of  tungsten  concentrates 

Steel  ingots  and       Metal  powder 
ferrotungsten  and  other 

Year  (percent)  (percent) 

1942    85  15 

1943    : 75  25 

1944    72  28 

1945    63  37 

1946    63  37 

1947    63  37 

1948    64  36 

1949    63  37 

1950    45  55 

1951    30  70 

1952    24  76 

1953    37  63 

As  can  be  seen,  prior  to  1950,  tungsten  was  used 
principally  in  the  manufacture  of  alloy  steels,  particu- 
larly the  "high-speed"  steels.  Such  steels  retain  their 
hardness  even  at  red  heat  and  will  remain  sharper  and 
can  take  a  heavier  cut  than  tools  of  ordinary  carbon 
steel.  With  "high-speed"  tools,  the  output  per  man  and 
machine  was  increased  about  five-fold.  The  original 
"high-speed"  steel,  which  is  known  as  the  "18-4-1" 
type,  contains  18  percent  tungsten,  4  percent  chromium 
and  1  percent  vanadium,  plus  0.65  to  0.75  percent 
carbon.  A  series  of  tungsten-cobalt  steels,  containing 
from  5  to  12  percent  cobalt,  and  stellite,  a  nonferrous 
cobalt-ehromium-tungsten  alloy,  are  also  used  for  high 
speed  cutting  tools. 

The  most  important  use  for  tungsten  products  con- 
tinues to  be  in  tools  used  to  cut  or  machine  steel.  How- 
ever, tungsten  carbide  has  become  increasingly  im- 
portant in  this  field.  It  is  the  hardest  artificial  substance 
in  common  use,  and,  in  addition  to  its  use  in  cutting 
tools,  it  is  used  as  inserts  in  rock  bits,  in  dies  for  draw- 
ing tungsten  wire  and  in  welding  electrodes  used  for 
hard-facing  machinery  parts.  Tungsten  carbide  may  be 
combined  with  carbides  of  other  metals,  principally 
tantalum  and  titanium. 

Tungsten  steels  are  used  for  a  wide  range  of  products, 
including  hacksaw  blades,  cold  chisels,  razor  and  knife 
blades,  armor  plate,  armor-piercing  projectiles,  drawing 
dies  for  wire  manufacture,  valve  seats,  and  rails. 
Copper-tungsten  and  silver-tungsten  alloys  are  used  for 
welding  electrodes  and  electrical  contacts. 

Tungsten  in  rod,  wire,  or  disc  form,  is  one  of  the  few 
metals  used  commercially  in  a  very  pure  state.  Such  in- 
dustrial tungsten  usually  has  a  purity  of  99.95  percent 
plus,  although  miinite  amounts  of  impurities  are  added 
for  special  applications.  Because  of  its  high  melting 
point  (3400°  C),  low  vapor  pressure,  high  tensile 
strength,  and  ductility,  tungsten  is  used  as  filaments  for 
incandescent  electric  lamps  and  radio  tubes.  Filament 
wire  sizes  range  from  0.060  to  0.()()()3  inch  in  diameter. 
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Figure  10.     Tungsten  market  factors,  1951-1958. 


One  pound  of  tunj?steii  can  be  drawn  into  nearly  8.5 
miles  of  filament  having  a  diameter  of  0.00183  inch ;  this 
would  provide  filaments  for  23,000  60-watt  lamps 
(Wangr,  1951,  p.  854).  Thoujrh  relatively  small  amounts 
of  tunjisten  are  consumed  in  the  manufacture  of  fila- 
ments, no  adequate  substitute  has  been  found  for  it  in 
this  use. 

Tungsten  is  utilized  in  various  chemical  compounds, 
in  dyes  and  paints,  in  fluorescent  materials  for  x-ray 
photography,  and  in  coloring  agents  in  the  manufac- 
ture of  porcelains  and  stained  papers. 

Government  Programs.  China  has  been  the  world's 
principal  source  of  tungsten  ore,  and  the  potential  there 
is  emphasized  by  the  following  .statement  (Wang,  1951, 
p.  856)  :  "With  regard  to  tung.sten  production  in  the 
different  countries,  the  following  figures  are  given  as 
indicative  of  their  potentiality  in  production:  taking 
Russia  as  a  unit,  China's  potentiality  is  90,  Korea  4.3, 
United  States  4,  Burma  4,  Brazil  2.2,  Bolivia  2,  Tasmania 
1,  Portugal  1,  Russia  1,  and  the  rest  of  the  world  taken 
together  2.3."  It  i.s  not  surprising  then  that  the  world 
tungsten  market  during  the  period  1950  through  1952 
was  dominated  largely  by  the  loss  of  China,  through 
Communist  control,  as  a  .source  of  tungsten  ore  for  the 
free  world.  Also  the  Korean  war  caused  an  increased 


demand  for  tungsten,  and  the  world-wide  attempts  to 
obtain  sufficient  supplies  became  sharply  competitive. 

From  mid-1951  to  December  31,  1952,  as  a  remedial' 
measure,  tungsten  was  allocated,  by  the  International 
Materials  Conference,  to  the  participating  countries  (11 
altogether,  including  the  United  States  and  the  United 
Kingdom).  Quotas  were  ba.sed  on  estimates  of  produc- 
tion and  consumption  submitted  every  three  months  by 
the  producing  and  consuming  countries.  Quotas  were 
terminated  at  the  end  of  this  period,  because  emergency 
measures  had  led  to  a  50  percent  increase  in  the  produc- 
tion of  tungsten  in  the  free  world.  Much  of  this  increase 
was  caused  by  a  successful  expansion  of  the  output  from 
South  Korea's  mines.  By  trade  agreement,  all  of  this- 
output  was  exported  to  the  United  States.  In  1952  and 
1953,  South  Korea  led  all  other  nations  in  the  sliipmoni 
of  tungsten  concentrates  to  the  United  States. 

Recognizing  the  importance  of  a  domestic  tung.steE 
mining  industry,  the  government  has  taken  steps  to  en- 
courage the  exploration  for  and  exploitation  of  tungster 
deposits.  The  Defense  Production  Act  of  1950  authorized 
the  establishment  of  an  assistance  program  for  the  ex- 
ploration for  mineral  deposits.  This  program,  imple- 
mented by  the  Defense  Minerals  Exploration  Agencj 
(DMEA),  included  tungtsen  in  the  group  of  commodities 
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for  which  the  gfovernment  would  provide  loans  eoveriup; 
75  percent  of  the  cost  of  approved  exploration  projects. 

Through  July  1955,  seventeen  contracts  had  been  ne- 
gotiated for  tungsten  exploration  projects  in  California. 
The  total  cost  of  these  projects  was  $581,037,  and  the 
government's  share  was  $435,777.50  (Ricker,  S.,  Exec- 
utive Officer,  DMEA  Field  Team,  Region  II,  personal 
communications,  1954  and  1955).  Nearly  38  percent  of 
all  ai)plications  for  exploration  loans  in  California  liave 
been  made  on  tungsten  properties,  and  contracts  awarded 
on  tungsten  properties  represent  38  percent  of  all  con- 
tracts in  California. 

Owing  to  the  shortage  of  tungsten  on  the  world  mar- 
ket, domestic  prices  rose  from  an  average  value  of  $25.36 
per  unit  of  WOs  for  the  period  1947-49  inclusive  to  $47 
at  the  end  of  1950.  A  price  of  $65  was  reached  by  late 
January  1951.  On  April  6,  1951,  a  ceiling  price  of  $65 
per  unit  of  WO.s  was  established  by  the  Office  of  Price 
Stabilization.  At  about  the  same  time,  the  Defense 
Minerals  Administration  announced  that  the  price  for 
domestic  tungsten  concentrates  purchased  for  the  gov- 
ernment stockpile  would  not  fall  below  $63  per  unit.  By 
way  of  contrast,  the  price  established  by  the  Metals 
Reserve  Companj^  during  World  AVar  II  was  just  $30 
per  unit. 

Congres.sional  action  authorized  the  General  Services 
Administration  to  start  a  program  on  July  1,  1951  for 
the  purchase  of  domestic  tungsten  concentrates  contain- 
ing a  minimum  of  60  percent  WO.3  at  a  guaranteed  price 
of  $63  per  unit.  This  program  was  to  be  in  effect  for  5 
years  or  until  3,000,000  units  had  been  purchased.  In 
August  1953,  the  program  was  extended  by  Congress 
until  July  1,  1958  or  until  the  unit  goal  is  reached,  if 
that  is  sooner. 

Deliveries  of  tungsten  concentrates  to  the  government 
stockpile  were  slow  during  the  early  part  of  the  program, 
owing  to  a  high  open-market  price.  However,  from  mid- 
1952  to  early  in  1954,  this  price  dropped  from  $55  to 
$20  per  unit,  and  concentrates  were  sold  to  the  stockpile 
at  an  increasing  rate.  Thus  the  amount  of  concentrates 
held  by  the  stockpile  was  more  than  doubled  during  the 
last  half  of  1953.  Figure  7  shows  open  market  prices 
and  portrays  government  stockpile  programs  through 
1956.  During  1955,  it  became  clear  that  if  deliveries 
continued  at  current  rates,  the  3,000,000  unit  stockpile 
limit  would  be  reached  in  mid-1956.  This  goal  was 
reached  and  the  program  terminated  early  in  June,  1956. 

Public  Law  733,  cited  as  the  Domestic  Tungsten,  As- 
bestos, Fluorspar,  and  ColHmbium-Tantalum  Production 
and  Purchase  Act  of  1956,  was  pa.ssed  and  approved  on 
July  19,  1956.  The  program  thus  established  provided 
for  the  purchase  of  1,250,000  short  ton  units  of  WO3 
contained  in  domestic  concentrates  at  a  price  of  $55  per 
unit.  However,  Congress  appropriated  enough  funds  to 
purchase  only  about  285,000  units.  Purchasing  was 
started  in  mid-August  and  was  discontinued  in  mid- 
November,  pending  the  appropriation  of  more  funds  to 
carry  on  the  program. 
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URANIUM 

By  Bennie  W.  Tboxel,  Mbi.vin  C.  Stinson,  and 
Charles  W.  Chesterman 


The  search  for  uranium  as  a  source  of  atomic  enerfiy 
has  led  to  an  unprecedented  interest  in  prospecting  in 
California  and  to  the  discovery  of  radioactive  minerals 
at  200  to  300  localities  within  the  state.  The  deposits 
lie  mainly  in  the  arid  parts  of  the  state,  particularly  in 
the  desert  region  of  southern  California. 

The  total  production  of  uranium  in  California  is  very 
small  to  date,  and  only  a  few  of  the  discoveries  appear 
to  be  of  present  economic  interest.  By  1956,  only  a  few 
hundred  tons  of  ore  had  been  shipped,  and  this  was  ob- 
tained mostly  from  six  mines.  Uranium  deposits  that  are 
of  subeommercial  grade  at  present  have  been  discovered 
in  several  places  in  the  state  and  may  be  worked  in  the 
future. 

The  only  uranium  mill  in  California  to  date  was  built 
in  1955  near  Mojave.  It  was  intended  to  treat  ore  from 
a  property  near  Rosamond,  but  operated  only  for  a  few 
months  during  the  latter  part  of  1955  and  early  1956. 
No  uranium  concentrates  were  sold. 

Mineralogy.  Uranium  combines  with  other  elements 
to  form  a  large  variety  of  minerals  of  which  relatively 
few  are  sufficiently  abundant  to  be  of  commercial  value. 
Uraninite,  pitchblende,  and  davidite  are  the  most  com- 
mon of  primary  uranium  minerals  and  generally  occur 
in  veins  of  hj-drothermal  origin.  In  California  the  most 
abundant  secondary  minerals  are  carnotite,  autunite, 
tyuyamunite,  torbernite,  uranophane,  and  schroeekinger- 
ite.  Primary  uranium  mineral  grains  commonly  are  sur- 
rounded by  "halos"  of  yellow  or  orange  gummite  or 
other  secondary  uranium  minerals. 

Uraninite  and  pitchblende  are  mixtures  of  UO2  and 
I^Oa  with  various  proportions  of  radium,  lead,  combined 
rare  earths,  thorium,  and  helium.  The  term  "uraninite" 
is  generally  used  for  material  with  a  definite  crystal 
habit,  usually  cubic,  and  "pitchblende"  for  the  massive 
or  amorphous  varieties.  Both  have  a  steely  to  velvety 
black,  brownish-black,  gray  or  greenish  color,  a  submetal- 
lic  to  pitch-like,  greasy,  or  dull  luster,  and  a  brownish- 
black,  gray  to  olive-green  streak.  Their  specific  gravit}^ 
ranges  from  6.5  to  about  10.5.  Uraninite  and  pitchblende 
are  infusible  or  slightly  rounded  on  edges  of  thin  splin- 
ters when  heated  before  a  blowpipe. 

Two  minerals — allanite  and  samarskite — may  be  mis- 
taken for  uraninite  or  pitchblende.  Both  allanite  and 
samarskite  are  common  in  pegmatites.  Allanite  is  easily 
fusible  to  a  black  magnetic  bead.  Samarskite,  compared 
with  uraninite  or  pitchblende,  has  a  low  specific  gravity 
(5.4  to  5.7).  Before  a  blowpipe,  samarskite  glows,  cracks 
open,  turns  black,  and  fuses  on  thin  edges  to  a  black 
glass. 

Davidite,  a  mixture  of  rare  earth-iron-titanium  oxide 
and  uranium  oxide  is  characterized  by  a  dark  brown  to 
black  color,  glassy  to  submetallic  luster,  hardness  of  5  to 
6,  and  a  specific  gravity  of  4.5.  It  generallj'  occurs  in 
irregular  masses. 

Nearly  all  of  the  secondary  uranium  minerals  are 
characterized  by  brilliant  colors,  particularly  yellow, 
orange,   or   pale   green.    Some   of   them   are   brilliantly 


fluorescent  under  ultra-violet  rays.   Most  of  them  are 
soft  and  powderv. 

Carnotite  (K26-2U03- V.O.vl-SHsO)  is  canary  yellow 
with  a  dull  or  earthy  luster,  if  massive ;  or  a  pearly 
luster  if  coarsely  crystalline.  It  occurs  as  aggregates  and 
incrustations. 

Tyuyamunite  (CaO-2U03-V20.^-nH20)  is  pale  green- 
ish-yellow, and  has  physical  properties  similar  to  carno- 
tite except  that  it  commonly  has  a  weak  yellow-green 
fluorescence  whereas  carnotite  is  non-fluorescent.  It  is 
X^resent  in  small  amounts  in  most  occurrences  of  carno- 
tite, and  is  the  principal  mineral  in  some  uranium 
deposits. 

Carnotite  and  tyuyamunite  can  be  distinguished  from 
other  yellow  non-fluorescent  or  weakly  fluorescent  ura- 
-nium  minerals  by  the  presence  of  vanadium,  which 
causes  samples  to  turn  red-brown  when  touched  with  a 
drop  of  concentrated  hydrochloric  or  nitric  acid.  Carno- 
tite is  soluble  in  all  acids  including  acetic  acid  and  is  in- 
fusible in  the  blowpipe  flame.  Tyuyamunite,  on  the  other 
hand,  is  not  soluble  in  acetic  acid  and  is  easily  fusible 
to  a  dark  melt. 

Autunite  (CaO-2UO:rP20.:-,-12H20)  and  meta-autu- 
nite  (CaO-2UO:rP20.,-8Il20)  are  lemon-yellow  to  apple- 
green,  have  pearly  to  sub-adamantine  luster,  and  a 
specific  gravity  range  of  2  to  3.  Both  minerals  fluoresce 
brilliant  yellow  or  green  on  fresh  surfaces.  They  occur 
most  commonly  as  small  tablets  with  rectangular  out- 
lines, or  as  micaceous  masses. 

Torbernite  (CuO-2UO.,-P20.,-12H20)  and  metator- 
bernite  (CuO-2U03-P20.t8II20)  are  generally  bright 
emerald-green  in  color,  with  pearly  to  sub-adamantine 
luster,  a  specific  gravity  range  of  3.4  to  3.6  and  a  hard- 
ness of  2  to  2|.  They  commonly  are  faintly  fluorescent 
and  occur  as  square  tablets  and  micaceous  masses. 

Torbernite  and  metatorbernite  may  be  mistaken  for 
autunite  or  meta-autunite  because  of  the  similarity  in 
color  and  habit.  Torbernite,  however,  is  weakly  fluores- 
cent to  non-fluorescent.  It  most  commonly  occurs  with 
secondary  copper  minerals,  and  will  yield  chemical  tests 
for  copper. 

Metazeunerite  (CuO-2UO:rAs20,-, -81120)  is  grass 
green  to  emerald  green,  has  a  vitreous  to  pearly  luster, 
a  specific  gravity  of  3.64,  and  a  hardness  of  2  to  21.  It 
occurs  in  square  tablets  resembliiig  torbernite.  Metazuen- 
erite  fluoresces  yellow  green  in  ultra-violet  light. 

Uranophane  (CaO-2UO:r2Si02 -61120)  is  lemon-yel- 
low to  apple  green  and  occurs  as  stains  or  coatings  of 
fibrous  or  radiating  crystals.  It  has  a  specific  gravity  of 
3.85  and  is  locally  associated  with  autunite  or  carnotite. 

Schroeckingerite  ( approximately  Ca^Xa  -1^)2  -  SO4  •  F  • 
10II2O)  is  yellow  to  greenish-yellow,  has  a  pearly  luster, 
a  specific  gravity  of  2.5,  and  a  bright  yellow-green 
fluorescence.  It  occurs  as  globular  coatings  on  fractures 
or  as  small  aggregates  of  flaky  crystals  in  soft  rocks  or 
soil.  Schroeckingerite  is  soluble  in  water  and  can  thus 
be  distinguished  from  other  fluorescent  minerals. 

The  following  other  secondary  minerals  have  been 
noted  in  association  with  the  principal  uranium-bearing 
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minerals  in  deposits  in  California:  beta-uranotil,  CaO- 
2UO:r2SiOo-6H.,0;  cuprosklodowskite,  CuO-2U03- 
2Si02-6H20;  sabugalite,  HA1(U02)4(P04)4  ■  I6H2O; 
uranocircite,  Ba(U02)2(P04)2  ■  8H2O  ;  walpiirgite, 
Bi4(U02)(As04)'>04-3H20;  and  yttroerasite,  (?) 
(Y,Th,U,Ca)2Ti40n(?). 

Geologic  Occurrence.  Although  uranium  occurs  in 
rocks  of  nearly  all  geologic  ages  and  lithologic  types, 
the  principal  sources  of  uranium  ores  have  been  (1) 
hydrothermal  veins  of  primary  minerals,  or  their  alter- 
ation products,  in  igneous  and  metamorphic  rocks,  and 
(2)  disseminated  primary  and/or  secondary  minerals  in 
sedimentary  rocks.  Uranium  also  occurs  as  sparsely  dis- 
seminated primary  mineral  grains  in  igneous  rocks ;  as 
organo-uranium  compounds  in  coals;  with  organic  mat- 
ter, pyrite,  aiul  phosphatic  matter  in  black  shales;  in 
earbonate-fluorapatite  in  phosphatic  beds;  and  in  petro- 
leum and  asphalt  in  sedimentary  rocks.  In  addition  to 
the  vein  and  disseminated  deposits,  uranium  is  recovered 
in  the  United  States  from  lignite  in  the  north  and  north- 
west states,  from  asphaltic  sandstone  at  Temple  Moun- 
tain, Utah,  and  as  a  byproduct  from  Tertiary  phosphatic 
rocks  in  Florida  and  Permian  phosphatic  rocks  in  Idaho, 
Montajia,  Utah,  and  Wyoming. 

Hydrothermal  vein  deposits,  the  world's  principal 
source  of  uranium,  contain  pitchblende  or  uraninite  and 
various  assemblages  of  silver,  cobalt,  nickel,  lead,  and 
copper  minerals.  The  gangue  minerals  most  commonly 
consist  of  one  or  more  of  the  following :  carbonates, 
barite,  quartz,  or  fluorite.  Veins  range  in  width  from  a 
fraction  of  an  inch  to  15  feet.  They  occur  in  fracture 
zones,  fault  zones,  and  intersections  of  fractures  or 
faults.  Most  of  them  are  in  pre-Cambrian  igneous  and 
metamorphic  rocks. 

Most  of  the  uranium  mined  in  the  ITnited  States  is 
obtained  from  disseminated  primary  and/or  secondary 
uranivun  minerals  in  the  Colorado  Plateau  region.  Such 
deposits  are  principally  in  terrestrial  sandstones,  mud- 
stones,  and  lacustrine  limestones  of  Mesozoic  age  but 
some  are  in  similar  rocks  of  I'pper  Paleozoic  and  Terti- 
ary age.  The  deposits  range  in  size  from  small  masses  a 
few  inches  wide  to  large  masses  a  few  thousand  feet  in 
maximum  dimension  and  are  as  much  as  20  feet  thick. 
The  average  grade  of  ore  from  these  deposits  is  probably 
between  0.2  to  0.4  percent  T'sOs.  The  well-known  occur- 
rences of  carnotite  in  sandstones,  and  to  a  lesser  extent 
in  mudstones,  were  probably  derived  by  progressive 
oxidation  of  primary  black  vanadium-uranium  minerals 
(Stocking  and  Page,  1956,  p.  8).  The  primary  minerals 
replaced  or  impregnated  woody  or  other  carbonaceous 
material,  or  occupied  intergranular  spaces  in  sandstone. 

The  principal  uranium  districts  of  the  Colorado 
Palteau  are  on  regional  structural  features  but  sedimen- 
tary featvires  are  the  dominant  local  control  for  individ- 
ual deposits.  The  principal  sedimentary  features  are 
paleostreams,  intersections  of  crossbeds,  variations  in 
grain  size,  and  thickened  parts  of  sandstone  beds. 

Uranium  deposits  in  lacustrine  limestone  are  mined 
in  New  Mexico,  Arizona,  Utah,  and  Wyoming.  The 
largest  deposits  of  this  type  are  in  the  Todilto  limestone 
(Jurassic)  near  Grants,  Xew  Mexico.  Uraninite,  fluorite, 
and  other  primary  minerals  have  replaced  limestone  and 
have  become  oxidized  to  secondary  minerals,  which  fill 


joints  and  vugs  and  coat  bedding  surfaces.  The  deposits 
occur  chiefly  along  axes  of  minor  anticlines  within  broad, 
shallow  synclines,  which  are  crudely  aligned  with  major 
faults  (Stocking  and  Page,  1956,  p.  10). 

LOCALITIES   IN   CALIFORNIA 

Uranium-bearing  localities  are  distributed  throughout 
a  large  part  of  California,  but  most  of  them  are  clustered 
into  a  few  areas  in  the  desert  regions  of  southern  Cali- 
fornia, the  southern  Sierra  Nevada,  eastern  Plumas 
County,  and  southern  Lassen  County.  Many  of  the  local- 
ities have  been  described  by  Walker,  Lovering,  and 
Stephens  (1956).  Descriptions  of  deposits  in  western 
Kern  County  and  most  of  the  deposits  in  the  southern 
Sierra  Nevada  were  kindly  furnished  for  this  report  by 
W.  A.  Bowes,  U.  S.  Atomic  Energy  Commission. 

Although  most  of  the  uranium-bearing  localities  in 
California  contain  secondary  uranium  minerals,  ]irimary 
minerals  have  been  noted  in  a  few  localities.  In  some 
deposits  the  uranium-bearing  minerals  have  not  been 
identified.  The  most  common  secondary  uranium  min- 
erals in  the  state  are  autunite  and  (meta-autunite),  car- 
notite, torbernite  (and  metatorbernite),  aiul  urano- 
phane.  Less  commonly  occurring  secondary  minerals  are 
beta-uranotil,  cuprosklodowskite,  gnmmite,  metazeune- 
rite,  sabugalite,  schroeckingerite,  tyuyamunite,  urano- 
circite, walpurgite,  and  yttrocrasite  (?).  Nearly  all  of 
the  uranium  minerals  mined  in  California  to  date  have 
been  of  secondary  origin.  The  first  uranium  ore  to  be 
marketed  from  California,  however,  was  primary.  This 
was  mined  from  Thum  Bum  claim  near  Big  Bear  Lake, 
San  Bernardino  County,  and  was  shipped  on  July  14, 
1954.  Since  that  time  at  least  eight  other  properties  have 
yielded  from  7  tons  to  several  carloads  of  uranium  ore. 

Hallelujah  Junciion  Area,  Southern  La.iseii  County. 
Three  uranium  deposits  have  been  found  in  the  low  foot- 
hills on  the  west  side  of  the  Antelope  Kange  in  southern 
Lassen  County,  near  the  California-Nevada  border  (fig. 
1).  Fractures  that  cut  Tertiary  volcanic  and  sedimen- 
tary rocks  contain  autunite  as  the  princii)al  uranium 
mineral.  Although  a  few  hundreds  of  tons  of  ore  was 


Figure  2.  View  iK.riliwi'si  inward  ..|icii  cut  on  the  Cornelia 
claims  near  Doyle,  Lassen  County.  Autunite  is  localized  in  a  north- 
east-trending vertical  shear  zone  (right  side  of  photo)  in  sedimen- 
tary beds  composed  of  clay,  siltstone,  sandstone,  and  conglomerate 
containing  volcanic  rock  fragments.  Shear  zone  is  about  4  feet  wide. 
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Figure  3.     Generalized  geologic  map  of  Olanclia  area,  Inyo  County. 
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ii.ii;i;  4.      I  ijpei-  tulit  on  property  of  C'ojso   riaiiuuii,  Inc.,  near  Olanclia,  Inyo  County,  California.   I'nrlal  is  in  granitic  rocks  which  are 
overlain  by  gently  dipping,  uranium-bearing  basal  arkosic  sandstone  and  conglomerate  of  the  Coso  formation. 


shipped  to  the  government  stockpile  at  Salt  Lake  City, 
Utah,  by  mid-1955,  mining  operations  were  discontinued 
because  the  average  uranium  oxide  content  of  the  ore 
dropped  below  0.2  percent.  Most  of  the  ore  was  mined 
from  north-trending,  iron-stained  seams  on  the  Buck- 
horn  group,  and  from  highly  fractured  bedded  sand- 
stone and  clay  (fig.  2)  on  the  Cornelia  group.  At  the 
third  deposit,  autunite(?)  is  associated  with  hydrous 
iron  oxides  in  cracks  and  seams  in  a  rhyolite  breccia 
dike.  The  properties  have  been  developed  by  several 
large  bulldozer  cuts,  trenches,  a  vertical  shaft  about  75 
feet  deep,  and  a  100-foot  tunnel. 

Chilcoot  Area,  Eastern  Plumas  County.  In  June 
1954,  the  dumps  of  the  Mohawk  copper  mine,  9  miles 
north  of  Chilcoot,  were  found  to  be  slightly  radioactive. 
Subsequent  prospecting  in  the  area  has  led  to  the  dis- 
covery of  concentrations  of  secondary  uranium  minerals 
— metatorbernite  and  minor  amounts  of  metazeunerite 
and  cuprosklodowskite — in  quartz  veins  and  shear  zones 
in  decomposed  granitic  rock.  Although  three  uranium- 
bearing  localities  are  known  in  this  area,  no  ore  has  been 
shipped  from  them  to  date  (1956). 

Olancha  Area,  Inyo  County.  Secondary  uranium 
minerals  have  been  noted  in  the  Coso  formation  (Plio- 
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Pleistocene)  in  several  locations  along  the  east  side  of 
Owens  Valley,  within  12  miles  southeast  and  east  of 
Olancha,  Inyo  County.  The  Coso  formation,  which  un- 
derlies several  square  miles  on  the  west  and  northwest 
flanks  of  the  Coso  Range,  is  composed  principally  of 
moderately  coarse  to  fine-grained  arkosic  sandstone  and 
tuffaceous  and  bentonitic  lake  beds  which  lie  upon  an 
irregular  surface  developed  on  Jurassic  granitic  rocks. 
The  sedimentary  rocks,  capped  in  large  part  by  volcanic 
flows,  strike  approximately  north  and  dip  gently  to  the 
west,  but  locally  are  warped  into  broad,  shallow  folds. 

From  south  to  north,  the  four  most  extensively  devel- 
oped properties  are  those  of  Ontario  Minerals  Company, 
Coso  Uranium,  Inc.,  Inland  Oil  Company,  and  the 
Green  Velvet  and  Valley  View  claims  (fig.  3).  At  the 
property  of  Ontario  Minerals  Company,  radioactive  min- 
erals occur  in  lenses  of  dark  gray  (opaline  ?)  material 
along  an  east-trending  fault  that  separates  granitic 
rocks  on  the  south  from  rocks  of  the  Coso  formation  on 
the  north.  At  this  locality,  uranium  mineralization  also 
has  been  noted  in  the  matrix  of  arkosic  sandstone  at  the 
base  of  the  Coso  formation.  Hand-selected  material  con- 
taining 0.2  percent  UsOs  or  more  has  been  mined  from  a 
short  adit,  but  none  has  been  shipped  to  date  (1956). 
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Figure  5.  View  west  toward  large  open  cut  in  sandstone  and 
bentonitic  volcanic  ash  of  the  Plio-Pleistocene  Coso  formation  on 
the  Green  Velvet  claims,  Inyo  County.  Beds  dip  gently  into  hill. 
Uranium  minerals  are  localized  in  friable  sandstone  near  feet  of 
boy. 

At  the  property  of  Coso  Uranium,  Inc.,  poorly  ce- 
mented arkosic  sandstone  and  conglomerate  at  the  base 
of  the  Coso  formation  contain  uranophane  and  autu- 


nite  in  iron-stained  bedding  planes  and  fractures.  By 
mid-1956,  the  property  had  been  developed  by  five  adits, 
an  inclined  shaft,  and  several  open  cuts  and  trenches 
(fig.  4).  Approximately  300  tons  of  low-grade  uranium 
ore  was  shipped  to  Vitro  Uranium  Company,  Salt  Lake 
City,  Utah. 

At  the  Inland  Oil  Company  property,  autunite  has 
formed  along  bedding  planes  and  fractures  in  multi- 
colored bentonitic  clay  beds  which  are  about  2  feet  thick 
and  lie  several  tens  of  feet  stratigraphically  above  the 
base  of  the  Coso  formation.  Although  these  beds  are 
traceable  for  at  least  a  mile  along  the  surface,  they  are 
only  locally  radioactive  and  by  mid-1956  no  ore  had  been 
shipped. 

The  Green  Velvet  and  Valley  View  claims  (figs.  5  and 
6)  contain  autunite  and  radioactive  opal  in  tiny  frac- 
tures (Davis  and  Hetland,  1956,  p.  358)  in  bentonitic 
clays  and  fine-grained,  poorly-cemented  sandstone  of  the 
Coso  formation.  These  deposits  appear  to  lie  a  few  hun- 
dred feet  above  the  base  of  the  formation.  Three  ura- 
nium-bearing, iron-oxide  stained  beds,  8  to  24  inches 
thick,  persist  along  strike  for  about  2,000  feet  (Davis 
and  Hetland,  1956,  p.  358).  Small  pods  within  these  beds 
contain  0.2  percent  or  more  UsOs,  but  none  has  been 
shipped  to  date  (1956).  Exploration  has  been  by  bull- 
dozer cuts,  shallow  trenches,  and  small  open  pits. 
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Figure  6.     Geologic  map  of  the  area  around  the  Green  Velvet  and  Valley  View  claims  near  Olancha,  Inyo  County. 
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FiGUKE  7.     Generalized  geologic  map  of  Rosamond  area,  Kern  County,  showing  location  of  uranium  deposits. 
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Figure  8.  The  "Knoll"  ■n-orking  of  the  Verdi  Devi'lopinciit  «.(>.,  near  Kosanidiid,  Kern  tjounty.  Adit  extends  nortliwesi  jiuo  volcanic 
rocks  of  the  Miocene  (?)  Rosamond  series  and  into  quartz  monzonite.  It  follows  a  north-trending  shear  zone  which  contains  autunite  and 
iiranophane  as  the  priiicii)al  uranium-bearing  minerals. 


Kramer  Hills  and  Harvard  Hills,  San  Bernardino 
County.  In  the  Kramer  Hills  and  Harvard  Hills  in 
western  and  central  San  Bernardino  County,  carnotite 
and  autunite  occur  in  lake  beds  of  probable  Miocene  age. 
The  minerals  have  formed  along  joints  and  along  bed- 
ding surfaces  in  multi-colored,  thin-bedded  bentonitic 
clay  beds,  silty  shale,  marly  clay  beds  and  opaline  shale. 
The  uranium  content  of  even  the  most  radioactive  de- 
posits has  to  date  (1956)  proved  to  be  sub-commercial, 
but  such  deposits  constitute  a  modest  reserve  of  low- 
grade  material  that  eventually  may  be  worked.  In  the 
Kramer  Hills,  the  uranium  mineralization  is  apparently 
confined  to  a  rather  thin  succession  of  the  lake  beds  about 
20  or  more  feet  stratigraphically  beneath  a  black  an- 
desite  flow  that  commonly  caps  the  low  hills  in  the  area. 
In  the  Harvard  Hills,  the  uranium  minerals  are  local- 
ized in  fractures  and  bedding  plane  surfaces  in  nearly 
flat-lying  sedimentary  rocks  that  contain  chert  and  lime- 


stone, particularly  near  the  crest  of  the  hills  on  the  north  ' 
and  northwest  slopes.  Iron  oxide  stains  are  common  near 
mineralized  areas  in  both  groups  of  hills. 


thJ 


Area,  Ventura  County.  Secondary  uranium 
minerals  have  been  found  in  several  areas  in  Ventura 
County,  principally  near  Ojai.  Carnotite  and  possibly 
other  secondary  uranium  minerals  are  associated  witl 
pods  or  lenses  of  carbonaceous  material  in  sandstone  beds 
that  lie  within  or  adjacent  to  the  gradational  contacti 
between  the  Coldwater  (Eocene)  formation  and  the^ 
Sespe  (Oligocene)  formation.  Other  sandstone  occur- 
rences are  radioactive  but  contain  no  exposed  carbona- 
ceous material.  The  extent  and  grade  of  these  and  other' 
similar  occurrences  are  not  yet  known  to  the  writers, 
but  the  gradational  contact  with  which  they  are  associ- 
ated is  extensively  exposed  in  Ventura  and  Santa  Bar- 
bara Counties. 
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Figure  9.     Geologic  map  of  part  of  the  Temblor  Range,  near  McKittrick,  western  Kern  County,  showing  the  location  of  uranium  prospects 

in  Miocene  sedimentary  rocks. 
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Rosamond  Area,  Kern  County.  In  the  Rosamond 
area,  northwest  of  Rosamond,  Kern  County  (fig.  7), 
autunite,  meta-autunite,  uranophane,  and  gummite  (?) 
occur  as  coatings  on  fractures  and  bedding  plane  sur- 
faces and  as  local  disseminations  adjacent  to  fault  zones. 
The  most  common  host  rocks  are  tuffaceous  sedimentary 
rocks  and  volcanic  rocks  of  Miocene  (?)  age  and  Meso- 
zoic  granitic  rocks.  Although  several  properties  in  this 
area  have  been  extensively  explored,  no  uranium  ore  or 
concentrates  had  been  shipped  by  mid-1956. 

At  the  property  of  the  Verdi  Development  Company 
in  the  western  part  of  the  Rosamond  Hills,  meta-autunite 
and  uranophane  occur  as  fracture-coatings  in  granodio- 
rite  and  tul?aceous  sedimentary  rocks  adjacent  to  a  north- 


east-trending fault.  The  uranium-bearing  fractures  have 
been  noted  as  far  as  60  feet  from  the  fault  and  are  irreg- 
ularly distributed  along  it  for  at  least  a  mile.  A  few 
hundred  tons  of  granodiorite,  containing  meta-autunite 
and  uranophane,  were  mined  in  1955  and  1956  and 
processed  by  leaching  in  a  mill  nearby.  The  ore  report- 
edly contained  slightly  less  than  0.2  percent  UgOg,  but 
no  concentrates  were  shipped  to  the  A.E.C. 

At  the  Rosamond  prospect  (fig.  7),  autunite  and  gum- 
mite (?)  occur  as  coatings  on  fractures  and  as  dissemina- 
tions in  tuffaceous  sedimentary  rocks  adjacent  to  faults 
through  an  area  of  about  15  acres.  Exploration  by  the 
Verdi  Development  Company  indicates  that  the  uranium 
minerals  are  erratically  distributed.  The  UsOs  content 
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of  12  samples  from  the  area  ranged  from  0.002  to  0.59 
(Walker,  1953,  p.  7). 

In  a  nearby  property  to  the  southwest,  autunite-bear- 
ing  fractures  occur  in  a  porphyritic  andesite  dike  that 
intrudes  quartz  monzonite,  and  in  the  quartz  monzonite 
as  well.  The  dike  is  as  much  as  100  feet  thick  and  is 
exposed  along  strike  for  approximately  2,000  feet.  Ap- 
proximately one  carload  of  uranium-bearing  andesite 
has  been  stockpiled  from  a  30-foot  deep  inclined  shaft 
in  the  andesite. 

Taft-McKittrick  Area,  Western  Kern  County.  Along 
the  eastern  flank  of  the  Temblor  Range  in  western  Kern 
County  and  eastern  San  Luis  Obispo  County,  secondary 
uranium  minerals  occur  in  upper  to  middle  Miocene 
marine  sedimentary  rocks,  principally  gypsiferous  clay 
shale.  The  host  rocks  are  locally  silicified,  and  the  ura- 
nium mineralization  has  been  localized  in  faults  and  frac- 
tures and  bedding  planes  as  well  as  in  a  widespread,  but 
very  low-grade  surface  mantle.  Since  the  discovery  of 
uranium  near  Taft  in  1954,  at  least  36  individual 
uranium-bearing  localities  have  been  reported  in  this 
region.  A  modest  amount  of  exploration  work  has  been 
done  on  about  10  of  them.  Fifty  tons  of  screened  fines, 
collected  from  shale  and  containing  0.16  percent  UsOs, 
was  shipped  from  the  Owen  No.  3  claim,  near  Taft,  in 
mid-1956.  Approximately  30  tons  of  plus  0.15  percent 
UaOg  uranium-bearing  shales  has  been  stockpiled  at  the 
Los  Amigos  claim,  also  near  Taft. 

Exploration  has  extended  to  a  depth  of  70  feet  in  a 
fault  zone  at  the  Surprise  No.  1  claim,  5  miles  northwest 
of  McKittrick,  where  meta-autunite  occurs  as  irregular 
disseminations  and  thin  stringers  associated  with  man- 
ganese stains  and  gypsum.  Near  the  fault  zone,  the  shale 
host  rock  contains  laminae  and  cavity  fillings  of  chal- 
cedony. 

Most  of  the  deposits  along  the  Temblor  Range  contain 
uranium  mineralization  in  bedding  planes  and  in  minor 
fractures.  These  lie  within  10  to  20  feet  of  the  surface, 
and  contain  0.10  percent  UsOg  or  less.  Individual  bodies 
of  this  type  may  be  as  much  as  an  acre  in  areal  extent. 
Within  these  low-grade  surface  deposits,  faults  and  frac- 
ture zones  may  have  a  higher  uranium  content  which 
may  extend  to  depths  greater  than  20  feet. 

Southern  Sierra  Nevada,  Kern  County.  Most  of  the 
uranium  occurrences  that  have  been  found  to  date  in 
the  southern  Sierra  Nevada  are  in  rocks  of  Mesozoic  age 
or  older.  Two,  however,  are  uraniferous  bog  deposits  of 
Recent  age.  Secondary  uranium  minerals,  principally 
autunite  and  carnotite,  have  been  localized  in  fractures 
in  granitic  and  metamorphic  rocks,  but  in  a  few  places 
primary  minerals  have  been  found.  The  properties  in- 
clude the  Miracle  and  Kergon  mines  along  the  Kern 
River,  near  Miracle  Hot  Springs;  the  Embree  property 
along  Erskine  Creek  and  about  8  miles  east  of  Miracle 
Hot  Springs;  and  the  Kervin  and  Lucky  Seven  claims 
about  10  miles  east  of  the  Embree  property,  in  Kelso 
Valley.  One  uraniferous  bog  deposit  is  near  the  Miracle 
mine;  the  other  is  about  100  miles  north  in  Fresno 
County. 

In  the  vicinity  of  the  Miracle  mine  and  Kergon  mine 
(figs.  10,  11)  autunite  and  other  uranium-bearing  min- 
erals occur  in  clayey  gouge  and  altered  zones  in  sheared 
Mesozoic  quartz  diorite.  Autunite  is  the  principal  ore 


mineral,  but,  in  addition,  carnotite  (tyuyamunite  ?)  is 
common,  and  uranophane,  walpurgite,  and  sooty  pitch- 
blende (Wood  1956,  p.  537)  have  been  identified.  The 
associate  minerals  include  abundant  limonite,  subordi- 
nate roscoelite  (vanadium-bearing  mica)  and  minor  fluo- 
rite  and  ilsemannite  (hydrous  molybdenum  oxide). 

The  principal  ore  control  at  the  Miracle  mine  is  a 
northwest-trending,  vertical  shear  zone.  It  has  been  de- 
veloped by  a  255-foot  drift  adit  and  numerous  surface 
cuts.  Uranium  mineralization  at  the  nearby  Kergon 
mine  has  been  controlled  by  a  prominent  fault  which 
trends  northeast  and  dips  steeply  to  the  west.  A  north- 
trending,  altered  and  shattered  zone  which  diverges  from 
the  hanging  wall  of  the  main  fault  also  is  mineralized. 
It  has  been  developed  by  a  65-foot  inclined  shaft. 

Four  carloads  of  uranium  ore  have  been  shipped  from 
these  mines.  On  July  31,  1954,  forty-six  tons  that  aver- 
aged 0.62  percent  UsOs  was  shipped  from  the  Miracle 
mine.  A  second  carload  of  ore  was  shipped  in  July  1955. 
Two  carloads  of  ore  from  the  Kergon  mine  were  shipped 
in  1955.  One  averaged  0.16  percent  V^Os,  the  other  aver- 
aged 0.22  percent  UgOg. 

Primary  uranium  minerals,  tentatively  identified  as 
pitchblende  and  gummite,  and  very  subordinate  yellow 
secondary  uranium  minerals  have  been  found  at  the 
Embree  property  (fig.  11).  The  mineralization  occurs  in 
quartzite  and  appears  to  be  associated  with  dark  gray 
to  black  streaks  which  lie  near  and  roughly  parallel  to  a 
contact  with  gneiss.  This  contact  has  been  explored  by 
two  underground  workings,  one  about  165  feet  in  total 
length,  the  other  about  205  feet  long.  By  1956,  no  ore 
shipments  had  been  made.  Samples  collected  from  the 
property  assayed  as  much  as  3  percent  U3O.S  (Walker, 
Lovering,  and  Stephens,  1956,  p.  30).  At  the  Kervin  and 
Lucky  Seven  prospects  in  Kelso  Valley  (fig.  11),  sec- 
ondary uranium  minerals  are  localized  in  sheared  and 
altered  granodiorite  adjacent  to  contacts  with  pre-Creta- 
ceous  metasedimentary  rocks.  Autunite,  meta-autunite, 
torbernite,  and  uranocircite  have  been  found  to  a  depth 
of  25  feet  in  exploration  cuts  and  shafts.  No  ore  has  been 
shipped  to  date  (1956). 


Figure  10.  View  southwest  toward  ore  chute  of  the  Mir:icle 
mine,  along  State  Highway  178,  Kern  County.  Northwest-trending 
shear  zone  which  contains  the  secondary  uranium  minerals  is  nearly 
directly  beneath  the  ore  chute  and  underlies  the  topographic  depreis- 
sion  which  extends  toward  upper  left  of  photo.  Initial  discovery 
from  car  was  in  roadcut  near  the  truck. 
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Figure  11.     Generalized  geologic  map  of  part  of  the  southern  Sierra  Nevada,  Kern  County,  showing  the  location  of  some  of  the  uranium 
deposits.  Geology  from  Geologic  Map  of  California,  scale  1:250,000,  Bakersfield  sheet,  1955. 


The  uraniferous  bog  on  Pettit  Ranch,  6  miles  north- 
west of  the  Miracle  mine,  is  about  1,000  feet  long,  100 
to  300  feet  wide,  and  2  to  10  feet  thick.  It  is  composed  of 
woody  fragments,  black  carbonaceous  matter,  silt,  and 
arkosic  sands,  and  in  general,  grades  downward  into 
decomposed  granodiorite.  The  bog  overlies  an  east-north- 
east-trending fault  zone  and  is  perched  above  the  channel 
of  Little  Poso  Creek,  into  which  it  drains.  Water  flowing 
into  the  bog  contains  an  appreciable  amount  of  uranium 
and  is  believed  to  have  risen  along  the  fault.  As  the 
water  percolates  through  the  bog,  the  uranium  is  ad- 
sorbed by  the  peat.  Although  no  uranium  minerals  have 
been  identified,  the  average  UgOg  content  of  the  peat  is 
about  0.10  percent.  Analyses  by  the  U.  S.  Bureau  of 
Mines  show  that  water  entering  the  peat  bog  has  a  higher 
uranium  content  than  that  draining  from  it,  and  indicate 
that  uranium  is  now  being  deposited. 

At  Hoffman  Meadow,  in  Fresno  County,  and  nearly 
100  miles  north  of  Pettit  Ranch,  two  bogs  are  perched 
above  Hoffman  Creek,  a  tributary  of  San  Joaquin  River, 
and  occupy  topographic  depressions  above  a  north-north- 
I'ast-trending  fault  zone.  One  bog  is  200  feet  wide  by  400 
I'eet  long,  the  other  is  200  feet  wide  by  500  feet  long. 


They  are  from  2  to  6  feet  thick.  The  geologic  and  min- 
eralogic  features  of  the  Hoffman  Meadow  bogs  are  simi- 
lar to  those  on  Pettit  Ranch,  but  sampling  indicates  that 
the  UsOs  content  of  the  peat  at  Hoffman  Meadow  is 
about  0.24  percent. 

Prospecting  in  California.  The  uranium  prospector 
in  California,  as  elsewhere,  should  have  a  general  knowl- 
edge of  the  mode  of  occurrence  of  uranium  and  the  min- 
erals with  which  it  is  associated.  Excellent  summaries 
of  this  subject  are  presented  in  various  books,  some  of 
which  are  listed  in  the  references  at  the  end  of  this 
section.  As  most  discoveries  of  uranium  deposits  have 
been  made  in  areas  of  known  uranium  mineralization, 
prospectors  should  consider  such  areas  as  those  described 
above  carefully.  Examination  of  old  mine  dumps  affords 
a  rapid  and  economical  method  of  checking  materials 
recovered  from  mines,  many  of  which  are  now  inacces- 
sible to  prospecting. 

H.  G.  Stephens  (personal  communication,  1955)  has 
emphasized  the  fact  that  most  of  the  radioactive  deposits 
in  California  have  been  found  in  areas  that  receive  less 
than  20  inches  of  precipitation  annually  (fig.  1).  This 
suggests  that  near-surface  concentrations  of  water-sol- 
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uble  secondary  uranium  minerals  are  more  apt  to  be 
found  in  arid  regions  where  water  does  not  carry  the 
uranium  away  in  solution.  Moreover,  such  removal  of 
secondary  minerals,  which  are  commonly  guides  to  de- 
posits of  primary  minerals,  causes  the  primary  minerals 
to  be  more  difiScult  to  find. 

DEVELOPMENT  OF  MINES  AND   MARKETING  OF 
URANIUM  ORES* 

The  U.  S.  Atomic  Energy  Commission  controls  the 
transfer  and  sale  of  uranium  and  thorium  source  mate- 
rials in  the  United  States  and  also  purchases  domestic 
ores  or  concentrates  of  such  material.  Other  concerns  can 
purchase  such  materials  only  with  special  permission  of 
the  Commission.  Table  1  contains  a  summary  of  the  his- 
tory of  the  control  of  radioactive  source  materials  in  the 
United  States.  As  the  Commission  is  committed  to  buy 
only  certain  types  of  uranium  ore  (i.e.,  carnotite-  and 
roscoelite-types  common  to  deposits  on  the  Colorado 
Plateau),  the  sale  of  such  ores  as  have  been  found  in 
California  must  be  negotiated. 

Upon  discovery  of  a  radioactive  locality,  the  pros- 
pector should  determine  whether  the  radioactive  mate- 
rial is  uranium,  thorium,  or  any  other  radioactive 
substance,  and  if  it  is  of  commercial  grade.  If  possible, 
representative  samples  of  the  radioactive  rock  should  be 
submitted  to  a  commercial  assayer  or  to  certain  offices 
of  the  Atomic  Energy  Commission  or  U.  S.  Bureau  of 
Mines,  or  both.  For  government  assays,  representative 
samples  of  at  least  1  pound  should  be  sent  either  to  the 
Reno  office  of  the  U.  S.  Bureau  of  Mines  or  to  the  nearest 
field  office  of  the  Atomic  Energy  Commission,  to  be  for- 
warded to  their  laboratory.  Field  offices  have  been  estab- 
lished in  Bakersfield,  California,  Las  Vegas,  Nevada,  and 
Reno,  Nevada.  A  radiometric  assay  will  be  made  and,  if 
warranted,  a  chemical  assay,  as  well.  If  the  sample 
proves  of  interest,  the  Commission  will  be  advised  and 
a  form  requesting  further  information  will  be  sent  to 
the  person  who  submitted  the  sample.  Should  the  prop- 
erty appear  to  warrant  a  field  examination,  this  will  be 
scheduled  by  a  representative  from  the  appropriate  field 
office.  The  field  representative  will  examine  the  property, 
make  preliminary  maps,  and  coUect  samples  if  advisable. 

During  early  development  of  a  property,  most  ex- 
ploration work  is  limited  to  surface  study  and  sampling. 
Many  claim  owners  seek  the  assistance  of  qualified  con- 
sulting mining  engineers  and  geologists  in  the  prepara- 
tion of  geologic  maps  and  in  the  establishment  of  an 
exploration  program  which  generally  consists  of  trench- 
ing, drilling,  shallow  subsurface  exploration,  or  combina- 
tions of  the  three.  Properties  that  appear  to  contain 
mineable  ore  bodies  can  then  be  more  seriously  devel- 
oped. 

Most  exploration  programs  are  expensive  and  may 
require  outside  financing.  This  can  be  obtained  by  raising 
private  capital  through  partnerships,  by  incorporating 
and  selling  stock,  or  by  securing  an  exploration  loan 
from  the  United  States  Government.  Loans  for  explora- 
tion are  administered  by  the  Defense  Minerals  Explora- 
tions Administration  of  the  U.  S.  Department  of  the 

*  Much  of  this  information  was  kindly  furnished  by  E.  E.  Thurlow 
and  A.  E.  Granger,  U.  S.  Atomic  Energy  Commission. 


Interior.  For  uranium  exploration,  the  agency  will  fur- 
nish 75  percent  of  the  capital  necessary  to  develop  a 
prospect  that  it  considers  to  be  favorable.  Repayment  of 
approved  loans  is  made  to  the  Government  by  royalty 
on  production  from  the  property.  Loans  for  actual  min- 
ing or  milling  are  available  from  the  Small  Business 
Administration  of  the  United  States  Government.  ;. 

Uranium  ores  can  be  sold  only  to  the  Atomic  Energy 
Commission  or  to  agents  of  their  selection.  The  Commis- , 
sion  not  only  buys  the  ore  at  a  guaranteed  price,  but ; 
pays  an  initial  production  bonus  on  the  first  10,000.J 
pounds  of  UsOs  from  a  qualified  property.  The  Com-|< 
mission  also  includes  partial  payment  for  mine  develop- 
ment and  haulage,  and  makes  additional  payments  for 
higher  grade  ores.  Table  2  shows  the  Commission's  price 
schedule  which  is  effective  until  March  31,  1962.  After  j 
that  date,  only  mill  concentrates  will  be  purchased  by^ 
the  Commission  (see  table  1).  | 

The  Commission  will  also  pay  a  bonus  of  $10,000  for| 
the  discovery  and  delivery  of  the  first  20  short  tons  of  I 
non-carnotite  uranium  ores  or  mechanical  concentrates,! 
assaying  20  percent  or  more  UaOg,  from  a  single  mining  | 
location  which  has  not  previously  been  worked  for^ 
uranium.  ■■ 

Before  any  shipments  of  ore  can  be  made  to  the  Com- 
mission, a  license  must  be  procured  and  a  contract  ne- 
gotiated. Application  for  licenses  are  made  to  the  Li- 
censing Controls  Branch,  "Washington,  D.  C.  on  form 
AEC-2  which  can  be  obtained  from  any  office  of  the 
Commission.  Contracts  for  delivery  of  ore  are  negotiated  ; 
with  the  Mining  Division  of  the  Commission  in  Grand 
Junction,  Colorado. 

The  initial  production  bonus  is  payable  after  a  ship- 
ment of  ore  has  been  made  and  paid  for.  Application 
for  certification  of  the  mining  property  for  bonus  pay- 
ments should  be  completed  on  form  AEC-299  and  for- 
warded to  the  Mining  Division,  Grand  Junction  Opera-'; 
tions   Office.   After  certification,   bonuses  will  be  paid' 
monthly  on  shipments  upon  request  of  the  shipper.  Con- 
tracts for  the  sale  of  ore  to  the  Commission  are  ne-i! 
gotiated  with  the  Mining  Division  of  the  Grand  Junctioni 
Operations  Office.  The  Commission  determines  which  milll 
will  receive  the  ore,  depending  on  the  type.  Most  of  the? 
ore  from  California  has  been  shipped  in  45-ton  carload- 
lots  to  Salt  Lake  City,  Utah.  Ordinarily  ore  that  con- 
tains less  than  0.2  percent  UgOg   (4  pounds  per  ton) 
cannot  be  economically  shipped  from  California.   The 
prices  paid  for  the  ore  at  the  mill  or  buying  station  in- 
clude the  grade  premium,  mine  development  allowance, 
and  haulage  allowance.  A  haulage  allowance  of  6  cents 
per  ton-mile  is  payable  up  to  100  miles  maximum  from  i 
mine  to  delivery  point  (a  maximum  of  $6.00  per  ton  for 
acceptable  ores). 

The  Commission  does  not  restrict  or  regulate  the  con- 
struction or  location  of  a  uranium  mill,  but  it  will  not^ 
buy  the  mill  products  except  by  contract.  Permits  and 
contracts  for  selling  concentrates  are  negotiated  through 
the  Concentrate  Procurement  Division  of  the  Grand 
Junction  Operations  office. 


Uranium — ^Troxel,  Stinson,  and  Chesterman 

Table  1.     Chronological   summary   of    United   States   regulations   governing   prices,   ownership, 
and  disposal  of  domestic  and  foreign  radioactive  and  fissionable  substances. 
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Date 

Title  of  regulation  or  release 

Enacted 

Effective 

Expiration 

Summary  of  applicable  parts  of  regulation 

26    Jan       43 

26     Jan      43 

Conservation  Order  N-285  U.  S. 
War  Production  Board. 

Uranium  metal,  uranium  salts  and  other  uranium  compounds,  and  any  alloy  or  mix- 
ture containing  1/10  of  1  percent  (0.10)  or  more  uranium  by  weight,  including 
crude  ores  and  residues  and  matte,  cannot  be  sold,  delivered,  purchased,  or  re- 
ceived for  use  in  the  manufacture  or  decoration  of  glass,  glassware,  pottery,  tile,  or 
other  ceramic  products. 

13    Sep      45 

13     Sep       45 

4     Mar     46 

Executive  Order  9613  by  Presi- 
dent of  the  U.  S. 

Withdraws  from  sale  or  other  forms  of  disposal  (including  mineral  locations)  all 
applicable  U.  S.  public  lands  that  contain  deposits  of  radioactive  substances  and 
all  deposits  of  such  substances.  Such  lands  are  reserved  from  sale  by  U.  S.  and  IT.  S. 
retains  right  to  enter  upon  such  lands  and  mine  and  remove  such  minerals. 

4    Mar     46 

4     Mar     46 

5     Dec      47 

Executive  Order  9701   by  Presi- 
dent of  the  U.  S. 

Revokes  Executive  Order  9613.  Provides  that  all  public  lands  of  the  U.  S.  which 
contain  or  may  contain  fissionable  materials  shall  be  subject  to  disposal  under 
public  lands  laws  or  lease,  permit,  or  other  authorization  to  use  the  land  provided 
reservation  is  made  that  U.  S.  can  enter  upon  land  and  prospect  for,  mine,  and 
remove  fissionable  materials.  Fissionable  materials  are  defined  as  all  deposits  from 
which  the  substances  known  as  thorium,  uranium,  and  elements  higher  than  ura- 
nium in  the  periodic  table,  can  be  refined  or  produced  and  all  deposits  from  which 
there  can  be  refined  or  produced  other  substances  readily  capable  of  or  peculiar 
to  transmutation  of  atomic  species,  the  production  of  nuclear  fission,  or  the  release 
of  atomic  energy. 

1     Aug     46 

1     Aug     46 

Atomic  Energy  Act  of  1946  (Pub- 
lic Law  585-79th  Congress). 

Establishes  Atomic  Energy  Commission. 

Unlawful  for  any  person  to  possess,  tranfer,  export  from  or  import  into  U.  S.,  or 
produce  fissionable  material.  Must  have  license  to  transfer,  deliver,  receive,  or 
export  from  U.  S.  quantities  of  source  material  in  excess  of  amounts  deemed  im- 
portant by  the  Commission.  The  Commission  may  purchase,  take,  requLsition,  or 
otherwise  acquire  source  materials.  The  Commission  may  establish  guaranteed 
prices.  Public  lands  containing  source  material  reserved  for  U.  S. 

31     Dec     46 

1     Jan      47 

Executive  Order  9816  by  Presi- 
dent of  the  U.  S. 

Manhattan  District  control  transferred  to  the  Atomic  Energy  Commission. 

17     Mar     47 

1     Apr      47 

Source  Material  Control,  Atomic 
Energy  Commission. 

Source  material  defined  as  any  material,  except  fissionable  material,  which  contains 
by  weight  0.05  percent  or  more  of  uranium,  thorium,  or  any  combination  thereof. 
No  person,  unless  licensed  by  the  Commission  may  transfer,  deliver,  receive  pos- 
session of  or  title  to.  or  export  from  the  U.  S.  any  source  material  after  removal 
from  its  place  of  deposit  in  nature  except  a  person  may  move  in  any  calendar  month 
a  quantity  of  raw  source  material  that  contains  less  than  10  pounds  of  uranium, 
thorium,  or  any  combination  thereof.  These  regulations  not  applicable  for  certain 
manufactured  products.  Certain  uses  for  uranium  are  prohibited. 

5     Dec      47 

5     Dec      47 

Executive  Order  9908  by  Presi- 
dent of  the  U,  S. 

Revokes  Executive  order  9701.  Provides  for  reservation  of  source  material  in  certain 
lands  owned  by  the  U.  S.  not  regulated  by  Atomic  Energy  Act  of  1946. 

9     Apr      48 

12     Apr      48 

12     Apr      58 

Circular  1,  Atomic  Energy  Com- 
mission. 

Ten  year  guaranteed  price  for  domestic  uranium  ores  exclusive  of  carnotite-type  or 
roscoelite-type  ores  of  the  Colorado  Plateau.  Establishes  a  guaranteed  minimum 
price  for  domestic  uranium-bearing  ores  and  mechanical  concentrates  of  $3.50  per 
pound  of  UaOs  recoverable,  less  cost  per  pound  of  refining.  Guarantees  price  of 
S3. 50  per  pound  of  contained  UsOb  refined.  Prices  on  the  basis  of  dry  weight  f.o.b. 
shipping  point  designated  by  the  Commission.  Establishes  minimum  quantity  and 
grade  acceptable  as  10  tons  (20,000  pounds)  containing  at  least  10  percent  UaOs 
(either  as  ores  or  mechanical  concentrates)  or  1  ton  (2,000  pounds)  of  refined 
uranium  of  at  least  97  percent  UaOs  in  black  uranium  oxide  or  87  percent  UsOs 
in  sodium  uranate.  Negotiations  can  be  made  for  lesser  amounts  and  for  larger 
quantities  at  higher  prices  for  which  refining  and  milling  costs,  transportation 
costs,  and  other  factors  are  taken  into  consideration.  Consideration  is  given  for 
other  recoverable  valuable  constituents  in  ore. 

9     Apr      48 

12     Apr      48 

Circular  2,  Atomic  Energy  Com- 
mission. 

Bonus  program  for  discovery  and  delivery  of  new  highgrade  domestic  uranium  depos- 
its. A  bonus,  in  addition  to  prices  paid  according  to  Circular  1,  of  $10,000  is  paid 
for  the  delivery  of  the  first  20  short  tons  or  uranium-bearing  ores  or  mechanical 
concentrates  assaying  20  percent  or  more  UaOs  from  any  single  mining  location 
which  has  not  previously  been  worked  for  uranium.  Not  apphcable  to  carnotite- 
type  or  roscoelite-type  ores  of  the  Colorado  Plateau. 

9     Apr      48 

12     Apr      48 

12     Apr      51 

Circular  3,  Atomic  Energy  Com- 
mission. 

Three  year  guaranteed  minimum  price  for  uranium-bearing  carnotite-type  or  ros- 
coelite-type ores  of  the  Colorado  Plateau  area.  DeUveries  not  in  excess  of  1,000 
tons  per  calendar  year  can  be  made  without  a  contract.  Deliveries  in  excess  of 
1000  tons  per  year  can  be  made  after  contract  has  been  made  but  can  be  limited  to 
5000  tons  per  calendar  year.  Deliveries  must  be  made  to  buyer's  depot  established 
by  the  Commission  and  must  not  be  made  in  less  than  10-ton  lots.  Schedule  of 
prices:  30c  per  pound  to  $1.50  per  pound  of  UsOs  for  ores  assaying  .10  percent  to 
.15  percent  and  $1.50  per  pound  for  UaOa  in  ores  assaying  more  than  .15  percent. 
A  development  allowance  of  50c  per  pound  of  UsOs  is  paid  for  ores  that  assay  .15 
percent  UaOs  or  more.  A  premium  of  25c  per  pound  of  UaOs  is  paid  for  each  pound 
in  excess  of  4  pounds  per  ton  and  25c  additional  for  each  pound  of  UsOb  in  excess 
of  10  pounds  per  ton.  Payment  schedule  for  vanadium,  limit  on  lime  content. 

15    Jun      48 

1     Jun      48 

1     Jul       49 

Circular  4,  Atomic  Energj'  Com- 
mission. 

Temporary  additional  allowance  for  ores  covered  by  Circular  3.  Authorizes  a  haulage 
allowance  of  6c  per  ton  mile  for  acceptable  ores  from  mine  to  mill  up  to  a  maximum 
of  100  miles.  Payment  of  50c  per  pound  of  UaOs  in  excess  of  4  pounds  per  ton  (0.2 
percent).  (See  other  circulars  below). 
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Table  1.     Chronological   summary   of    United   States   regulations   governing   prices,    ownership, 
and  disposal  of  domestic  and  foreign  radioactive  and  fissionable  substances — Continued 


Date 

Title  of  regulation  or  release 

Enacted 

Effective 

Expiration 

Summary  of  applicable  parts  of  regulation 

7     Feb      49 

1     Mar     51 

30     Jun      64 

Circular  5,  Atomic  Energy  Com- 
mission. 

Increase  of  guaranteed  minimum  prices  and  extension  of  time  for  purchase  program 
for  carnotite-type  or  rose oelite- type  ores  of  the  Colorado  Plateau  area.  Schedule 
of  prices:  50c  per  pound  to  S2.00  per  pound  of  UaOs  for  ores  assaying  .10  percent 
to  .20  percent  and  $2.00  per  pound  for  VzOs  in  ores  assaying  more  than  .20  percent. 
A  development  allowance  of  50c  per  pound  of  UaOs  is  paid  for  each  pound  in  excess 
of  4  pounds  per  ton  and  25c  additional  for  each  pound  of  UaO  s  in  excess  of  10  pounds 
per  ton.  Payment  schedule  for  vanadium,  limit  on  lime  content.  Haulage  allowance 
of  6c  per  ton  mile  for  acceptable  ores  from  mine  to  mill  up  to  a  maximum  of  100 
miles. 

20     Oct       50 

31     Mar     58 

Circular  6 

Extension  of  time  for  Circular  5, 

26     Feb      51 

1     Mar     51 

31     Mar     58 

Circular  5,  revised. 

Increase  of  guaranteed  minimum  prices  for  purchase  of  carnotite-type  or  roscoelite- 
type  ores  of  the  Colorado  Plateau  area.  Schedule  of  prices:  $1.50  per  pound  to 
$3.50  per  pound  of  UaOs  for  ores  assaying  .10  percent  to  .20  percent  and  $3.50  per 
pound  for  UsOa  in  ores  assaying  more  than  .20  percent.  A  development  allowance 
of  50c  per  pound  of  UaO  a  is  paid  for  each  pound  in  acceptable  ores.  A  grade  pre- 
mium of  75c  per  pound  is  paid  for  each  pound  of  UsOs  in  excess  of  4  pounds  per 
ton  plus  25c  additional  for  each  pound  in  excess  of  10  pounds  of  UaOs  per  ton.  A 
hanlape  allowance  of  6c  per  ton  mile  is  paid  on  acceptable  ore  up  to  a  maximum  of 
100  miles.  Payment  of  31c  per  pound  up  to,  but  not  exceeding,  10  poimds  of  V2O6 
for  each  pound  of  UsOa.  Minimum  ore  grade  accepted  is  .10  percent  UaO  8.  Maxi- 
mum allowable  lime  is  6  percent. 

27     Jun      51 

1     Mar     51 

28     Feb      57 

Circular  6,  Atomic  Energy  Com- 
mission. 

Establishes  bonus  for  initial  production  of  uranium  ores  from  eligible  new  domestic 
mines.  Authorizes  payment  of  bonus  for  first  10,000  pounds  of  UaOs  from  new 
mines  as  follows:  $1.50  per  pound  to  $3.50  per  pound  of  UsOs  for  ores  assaying 
.10  percent  to  .20  percent  and  $3.50  per  pound  for  UaO  s  in  ores  assaying  more  than 
.20  percent.  (See  A.E.C.  release  No.  830  below). 

9     Oct      53 

31     Mar     62 
28     Feb      67 

Circular  5,  Revised 
Circular  6. 

Extension  of  time  for  Circular  5.  revised  and  Circular  6. 

29     Jan       54 

29     Jan       54 

12     Dec      54 

Circular  7,  Atomic  Energy  Com- 
mission. 

Regulates  leasing  of  certain  public  lands  for  uranium  mining  purposes. 

13     Aug      54 

12     Dec      54 

Public  Law  585,  83rd  Congress. 

Permits  multiple  use  of  public  lands.  Revokes  reservation  of  uranium  on  public  lands 
to  the  U.  S. 

30     Aug      54 

30     Aug      54 

Atomic  Energy  Act  of  1954  (Pub- 
lic Law  703-83rd  Congre8s-2nd 
Session) . 

"Modernization"  of  Atomic  Energy  Act  of  1946.  No  basic  changes  in  control.  Adds 
to  definition  of  source  material — ores— in  such  concentration  as  the  Commission 
may  by  regulation  determine  from  time  to  time. 

18     Mar     56 

1     Apr      56 

Two  schedules  of  prices  established  for  uranium  ores  that  contain  more  than  6  percent 
lime  (for  ore  buying  stations  at  Moab  and  Monticello,  Utah,  only).  Schedule  I: 
Same  as  circular  5,  revised  except  that  a  deduction  will  be  made  of  $1.00  plus  30c 
per  dry  ton  for  each  percent  of  lime  in  excess  of  6  percent  or— Schedule  II:  Same 
as  circular  5,  revised  except  that  no  payment  will  be  made  for  vandium  or  any 
other  constituent  of  the  ore. 

24     May    56 

24    May    66 

See  Summary 

Release  No.  830,  Atomic  Energy 
Commission. 

Ext-ends  time  limit  of  initial  production  bonus  from  28  Feb.  1957  to  31  Mar.  1960  (See 
Circular  6,  above).  Establishes  new  uranium  procurement  for  domestic  uranium 
concentrates,  rather  than  ores,  from  1  April  62  through  31  Dec.  66  (after  Circular 
5,  revised  expires).  Base  price  of  $8.00  per  pound  of  UaO  8  contained  in  concentrates. 
Commission  has  option  to  limit  purchases  of  concentrates  from  any  single  mining 
property  to  500  tons  of  UsOs  in  any  calendar  year,  except  that  additional  concen- 
trates mav  be  purchased  at  lower  prices.  No  commitment  to  buy  vanadium.  Pro- 
ducers will  be  able  to  sell  to  licensed  commercial  users. 

Listed  below  are  addresses  of  the  U.  S.  Government 
agencies  that  offer  assistance  to  uranium  prospectors: 

For  sample  analyses : 

Rare  and  Precious  Metals  Experiment  Station 
U.  S.  Bureau  of  Mines 
1605  Evans  Avenue 
Reno,  Nevada 

Field  offices  of  Salt  Lake  area  office : 
U.  S.  Atomic  Energy  Commission 
Bakersfield  Field  Office 
Haberfelde  Building 
Room  558,  1706  Chester  Avenue 
Bakersfield,  California 


U.  S.  Atomic  Energy  Commission 
Division  of  Raw  Materials 
P.  O.  Box  2088 
Las  Vegas,  Nevada 

U.  S.  Atomic  Energy  Commission 
Division  of  Raw  Materials 
U.  S.  Bureau  of  Mines  Building 
Room  304,  1605  Evans  Avenue 
Reno,  Nevada 

Licenses : 

Licensing  Controls  Branch 
Division  of  Construction  and  Supply 
U.   S.  Atomic  Energy  Commission 
1901  Constitution  Avenue 
Washington  25,  D.  C. 


Uranium — Troxel,  Stinson,  and  Chesterman 
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Contracts  for  ore : 

U.   S.  Atomic  Energy   Commission 
Grand  Junction  Operations  Office 
Grand  Junction,  Colorado 
Attention :  Mining  Division 

Contracts  for  concentrates    (mill  product)  : 
U.  S.  Atomic  Energy  Commission 
Grand  Junction  Operations  Office 
Grand  Junction,  Colorado 
Attention :  Concentrate  Procurement  Div. 

Loans  for  mineral  explorations : 

Defense  Minerals  Exploration   Administration 
U.  S.  Bureau  of  Mines  Building 
1605  Evans  Avenue 
Reno,  Nevada 

Loans  for  mining : 

Small  Business  Administration 
1031  South  Broadway 
Los  Angeles  15,  California 

Small  Business  Administration 

Flood  Building 

870  Market  Street 

San  Francisco  2,  California 

General  Information : 

U.  S.  Atomic  Energy  Commission 

Division  of  Raw  Materials 

Salt  Lake  Area  Office 

P.  O.  Box  2196 

Salt  Lake  City,  Utah 

TESTING   FOR  URANIUM 

All  radioactive  elements  emit  alpha  or  beta  particles, 
and  some  emit  gamma  rays  or  a  combination  of  beta 
particles  and  ^amma  rays.  Alpha  particles  (or  "alpha- 
rays")  are  heavy  enough  to  produce  high  ionization  in 
the  air  through  which  they  travel,  but  their  range  in 
air  is  so  short  that  they  are  not  useful  in  detecting 
uranium  with  ordinary  instruments.  Beta  particles  (or 
"beta-rays")  are  electrons  which  can  travel  several 
yards  in  air,  but  whose  range  in  solid  material  is  short./ 
They  can  be  detected  with  geiger  counters,  but  are  not  \ 
as  useful  as  gamma  rays  as  indicators.  Gamma  rays  are 
true  radiation  of  the  same  type  as  ordinary  light,  x-rays, 
and  radio  waves.  Although  they  have  much  higher  en- 
ergy than  the  other  types  of  radiation,  as  well  as  much 
shorter  wave  lengths,  and  a  higher  penetrating  power, 
they  are  absorbed  by  approximately  1  foot  of  rock. 

Eadioactivity  may  be  detected  in  a  number  of  ways, 
but  the  most  practical  portable  prospecting  instruments 
are  ge'Sfc  coiTitei-s  and  scintillation  counters.  A  great 
quantity  of  information  regarding  the  use  of  these  in- 
struments is  readily  available  in  many  publications.  As 
radiation  affects  photographic  plates  or  films  in  much 
the  same  way  as  light,  these  materials  afford  a  relatively 
simple  method  of  detecting  the  presence  of  uranium-  or 
thorium-bearing  minerals  in  rocks  and  also  a  method  of 
locating  radioactive  mineral  grains  in  a  specimen.  The 
specimen  should  be  ground  flat  on  one  side  and  smoothed 
with  fine  emery,  cleaned  and  dried,  and  the  ground  sur- 
face placed  directly  on  the  emulsion  coated  side  of  a 
photographic  plate  or  film  and  held  in  position  by  adhe- 
sive tape.  An  outline  of  the  flat  surface  should  be  drawn 
with  a  pencil  to  show  the  position  of  the  specimen  when 
the  film  is  developed.  An  exposure  time  of  a  week  or 
longer  is  usually  necessary. 


When  alpha  particles  from  radioactive  substances 
strike  a  screen  coated  with  activated  zinc  sulfide,  they 
produce  tiny  flashes  of  light,  which  can  be  readily  seen 
in  the  dark  with  a  low-power  microscope.  A  spinthari- 
scope or  "scintilloscope"  is  a  small  instrument  consist- 
ing of  a  zinc  sulfide  screen  and  focusing  tube  magnifier. 
The  instrument  can  only  be  used  in  the  dark  after  the 
observer's  eyes  have  become  accustomed  to  darkness. 
Also,  it  is  necessary  to  wait  for  some  time  for  flashes 
from  low-grade  material.  The  advantages  of  this  instru- 
ment are  its  low  cost,  small  size,  high  efficiency,  and  ease 
with  which  the  source  of  the  alpha  particles  observed 
can  be  isolated. 

Simple  chemical  tests  can  be  performed  to  determine 
whether  uranium  or  thorium  is  present  in  a  radioactive 
specimen.  These  usually  involve  at  least  a  partial  min- 
eral identification.  A  confirmation  of  the  presence  of 
uranium  can  be  obtained  with  a  simple  fluorescent  bead 
test  with  sodium  fluoride.  Nonfluoreseent  or  weakly  fluo- 
rescent beads  are  obtained  from  most  thorium-bearing 
minerals. 

PROCESSING  OF  ORES 

As  uranium  ores  range  widely  in  their  chemical  and 
physical  properties,  they  are  processed  in  numerous 
ways.  The  U.  S.  Atomic  Energy  Commission  has  classi- 
fied uranium  ores  into  28  metallurgical  types  based  on 
the  solubility  of  the  uranium  minerals,  lime  (calcium 
carbonate)  content,  kind  of  host  rock  or  gangue,  pres- 
ence of  sulfides,  and  carbon  conteut.  The  processing 
of  uranium  ore  is  a  complex  procedure  to  which  new 
techniques  are  being  continually  added.  Mills  con- 
structed in  the  western  U.  S.  have  cost  about  $10,000  per 
ton  of  daily  capacity  (Mitchell,  1956).  Advances  in 
metallurgical  technology,  however,  have  reduced  costs  of 
treatment  per  ton  so  that  low-grade  ores  containing  as 
little  as  0.1  percent  UsOg  are  blended  into  mill  feed. 

All  of  the  uranium  mills  that  treat  ores  from  the 
western  U.  S.  employ  chemical  processes.  Nearlv  all  of 
these  ores  are  processed  by  acid  leaching  or  carbonate 
leaching,  depending  primarily  on  the  lime  content  of  the 
ore.  The  uranium  ores  produced  to  date  in  California 
have  been  low  in  lime,  and  have  been  processed  by  acid 
leaching  in  the  mill  of  Vitro  Uranium  Company,  Salt 
Lake  City,  Utah. 

The  principal  steps  in  the  concentration  of  uranium 
ore  are  (1)  ore  preparation  (grinding,  physical  con- 
centration, and  blending),  (2)  ore  pretreatnient  (roast- 
ing, acid  cure,  etc.),  (3)  leaching,  (4)  liquid-solid  sep- 
aration, (5)  uranium  recovery,  and  (6)  uranium  refin- 
ing. The  refined  concentrates  (high-purity  uranium 
compounds)  are  sold  to  the  Atomic  Energy  Commission 
and  are  subsequently  converted  to  "orange  oxide,"  the 
pure  uranium  trioxide,  which  is  the  basic  uranium  chem- 
ical used  for  production  of  other  uranium  salts,  metal, 
and  enriched  uranium. 

Before  August  1955,  much  of  the  information  con- 
cerning processing  of  domestic  uranium  ores  was  classi- 
fied, but  since  that  time  the  Atomic  Energy  Commission 
has  permitted  the  release  of  such  information.  Two  ex- 
cellent summaries  (Irani,  1956,  Lennemann,  1956)  were 
the  principal  sources  of  information  for  the  following 
discussion. 
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Table  Z.     Schedule  of  prices  for  uranium  ore  as  specified  in  Circular  5,  Revised 
and  Circular  8,  XJ.  S.  Aiomic  Energy  Commission  (see  also  table  1). 


Pounds  of 

UaOe  per  ton 

of  ore 

Base 

price 

Grade  premium 

Mine 

develop. 

allowance 

.50/lb. 

Price  per  ton  of  ore 

Grade  of  ore, 
percent  UsOj 

Pound 
UjO. 

Ton  of 
ore 

75(falb. 
over  4-lb. 

25)ialb. 
over  10-lb. 

Price  before 
initial  prod, 
bonus  and  haul- 
age allowance 

Initial 

prod, 
bonus  on 
10,000  lbs. 

Price 

before 

liaulage 

allowance 

0.10 

2.00 

2.20 

2.40 

2.60 

2.80 

3.00 

3.20 

3.40 

3.60 

3.80 

4.00 

4.20 

4.40 

4.60 

4.80 

5.00 

5.20 

5.40 

5.60 

5.80 

6.00 

6.20 

6.40 

6.60 

6.80 

7.00 

7.20 

7.40 

7.60 

7.80 

8.00 

8.20 

8.40 

8.60 

8.80 

9.00 

9.20 

9.40 

9.60 

9.80 

10.00 

12.00 

14.00 

16.00 

18.00 

20.00 

40.00 

60.00 

80.00 

100.00 

120.00 

140.00 

160.00 

180.00 

200.00 

$1.50 
1.70 
1.90 
2.10 
2.30 
2.50 
2.70 
2.90 
3.10 
3.30 
3.. 50 

3.50 

3.50 

3.50 

3.50 

3.50 

3.50 

3.50 

3.50 

$3.00 

3.74 

4.56 

5.46 

6.44 

7.50 

8.64 

9.86 

11.16 

12.54 

14.00 

14.70 

15.40 

16.10 

16.80 

17.50 

18.20 

18.90 

19.60 

20.30 

21.00 

21.70 

22.40 

23.10 

23.80 

24.50 

25.20 

25.90 

26.60 

27.30 

28.00 

28.70 

29.40 

30.10 

30.80 

31.50 

32.20 

32.90 

33.60 

34.30 

35.00 

42.00 

49.00 

56.00 

63.00 

70.00 

140.00 

210.00 

280.00 

350.00 

420.00 

490.00 

560.00 

630.00 

700.00 

$0.15 

0.30 

0.45 

0.60 

0.75 

0.90 

1.05 

1.20 

1.35 

1.50 

1.65 

1.80 

1.95 

2.10 

2.25 

2.40 

2.55 

2.70 

2.85 

3.00 

3.15 

3.30 

3.45 

3.60 

3.75 

3.90 

4.05 

4.20 

4.35 

4.50 

6.00 

7.50 

9.00 

10.50 

12.00 

27.00 

42.00 

57.00 

72.00 

87.00 

102.00 

117.00 

132.00 

147.00 

$0.50 

1.00 

1.50 

2.00 

2.50 

7.50 

12.50 

17.50 

22.50 

27.50 

32.50 

37.50 

42.50 

47.50 

$1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 
3.80 
3.90 
4.00 
4.10 
4.20 
4.30 
4.40 
4.50 
4.60 
4.70 
4.80 
4.90 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 

$4.00 

4.84 

5.76 

6.76 

7.84 

9.00 

10.24 

11.56 

12.96 

14.44 

16.00 

16.95 

17.90 

18.85 

19.80 

20.75 

21.70 

22.65 

23.60 

24.55 

25.50 

26.45 

27.40 

28.35 

29.30 

30.25 

31.20 

32.15 

33.10 

34.05 

35.00 

35.95 

36.90 

37.85 

38.80 

39.75 

40.70 

41.65 

42.60 

43.55 

44.50 

54.50 

64.50 

74.50 

84.50 

94.50 

194.50 

294.50 

394.50 

494.50 

594.50 

694.50 

794.50 

894.50 

994.50 

$3.00 

3.74 

4.56 

5.46 

6.44 

7.50 

8.64 

9.86 

11.16 

12.54 

14.00 

14.70 

15.40 

16.10 

16.80 

17.50 

18.20 

18.90 

19.60 

20.30 

21.00 

21.70 

22.40 

23.10 

23.80 

24.50 

25.20 

25.90 

26.60 

27.30 

28.00 

28.70 

29.40 

30.10 

30.80 

31.50 

32.20 

32.90 

33.60 

34.30 

35.00 

42.00 

49.00 

56.00 

63.00 

70.00 

140.00 

210.00 

280.00 

350.00 

420.00 

490.00 

560.00 

630.00 

700.00 

$7.00 

0.11._ 

8.58 

0.12.. 

10.32 

0.13 

12.22 

0.14 

14.28 

0.15-- 

16.50 

0.16 

18.88 

0.17 

21.42 

0.18 

24.12 

0.19 

26.98 

0.20 

30.00 

0.21 

31.65 

0.22... 

33.30 

0.23 

34.95 

0.24... 

36.60 

0.25 

38.25 

0.26 

39.90 

0.27...  . 

41.55 

0.28 

43.20 

0.29 

44.85 

0.30.- 

46. -50 

0.31 

48.15 

0.32..._ 

49.80 

0.33. 

51.45 

0.34 

53.10 

0.35. 

54.75 

0.36.... 

56.40 

0.37 

58.05 

0.38. 

59.70 

0.39.... 

61.35 

0.40. 

63.00 

0.41.... 

64.65 

0.42 

66.30 

0.43 

67.95 

0.44.  . 

69.60 

0.45 

71.25 

72.90 

0.47.. 

74.55 

0.48 

76.20 

0.49 

77.85 

0.50... 

79.50 

0.60_ 

96.50 

113.50 

0.80.... 

130.50 

0.90 

147.50 

1.00 

164.50 

2.00...     . 

334.50 

3.00.... 

504.50 

4.00 

674.50 

S.OO 

844.50 

6.00 

1,014.50 

7.00... 

1,184.50 

8.00 

1,354.50 

9.00 

1,524.50 

10.00. 

1,694.50 

Ore  Preparation.  Uranium  ores  are  reduced  in  size 
by  standard  methods  of  crushing  and  grinding  and  are 
commonly  blended  to  afford  a  uniform  mill  feed.  Most 
uranium  minerals  are  not  high  enough  in  specific  grav- 
ity, are  too  soft,  and  are  too  finely  disseminated  to  be 
upgraded  by  mechanical  or  flotation  methods  as  they 
would  be  lost  in  the  slimes. 

Ore  Pretreatment.  Pretreatment  is  employed  to  con- 
vert uranium  and  vanadium  to  soluble  compounds,  re- 
duce slime  content,  lower  the  lime  content,  and  increase 
settling  and  filtering  characteristics  of  ores.  The  prin- 
cipal types  of  pretreatment  are  roasting,  baking,  acid 
conditioning,  acid  curing  and  lime  kiln.  About  one-half 


of  the  domestic  uranium  mills  pretreat  ores  by  one  or 
more  of  these  five  methods  (fig.  12). 

Uranium  ores  are  roasted  to  convert  vanadium  to 
water-soluble  vanadates  and  to  destroy  the  slime-like 
character  of  the  fines  in  the  ores.  The  ores  are  roasted 
with  salt  in  multiple-hearth  furnaces  at  825  to  850 
degrees  C.  Calcines  from  the  furnaces  are  ordinarily 
quenched  in  leach  solutions  to  facilitate  vanadium  re- 
covery (fig.  12).  As  roasting  generally  hampers  the 
recovery  of  uranium  by  leaching,  it  is  done  only  when 
the  recovery  of  vanadium  is  desirable. 

Baking  of  ores  in  multiple  hearth  furnaces,  at  tem- 
peratures of  less  than  500  degrees  C,  burns  out  car- 
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FEED    PREPARATION 


Ores  with  low 
lime  content 


Orea  with  excessive 
lime  content  


,,-....  Circuits  of 
bcth  types  of  ore- 
not  mixed  ores. 


SIZE     REDUCTION 

Standard  eqllip3ie:■l^--J&v 
and  cone  cr"jshers, 
screens,   cr-jshlng  rolls, 
rod  and  bnH   nllls,   clas- 
sifiers,  ■i.^d  ot;-er. 


CONCENTRATION 

Recovery  by  meci.ar.  ira^ 
methods  poor.  Some 
sand-slime  separation 
in  cyclones  if  uranium 
Is  in  fines;  flotation 
tc  reduce  lime  content. 


BLENDING 

Most  ores  blendt.: 

■n 

.ieu 

of  concentration  t- 

a  control | 

uranium 

■/anadi-jm. 

or 

line 

-ontent 

of  niill   fe 

ed. 

A.B.C.O.G.H,l,M 


ORE    PRE- 
TREATMENT 


r 


1 1 


:r 

--i    A.I 


\r 


r '-•E,F,J.K,L,N,0,P,0,R,S  • 


LIME  KILL 

Lime  !n  ore  neutralized 
with  acid  to  reduce 
calcium  interference  in 
recovery  of  vanadium. 

Liquid-solid  separa- 
tion follows. 


AC 

0    CONDITIONING        | 

Lime 

in  ore  neux 

-aliped 

with 

plant-waste 

acids 

then 

pulp  readju 

ted 

with 

basic   liquors.           1 

Sand-sllme  seoara-      | 

tlon 

follows. 

LEACH    AND    LIQUID- 
SOLID    SEPARATION 


,!Uh 


lUl- 


,1  ' 


SALT     ROAST 

Ores  roasted  to  convert 
vandium  to  soluble  com- 
pound, fuse  sMmes,  ar^. 
burn  off  ll-np. 


ACID  CURE 

Acid,  wa^er,  ;ind  llmt 
rich  ore  mixed  and 
cured  in  piles  to 
convert  uranium  and 
'.■anadiuin  to  soluble 


BAKE 

Ores  heated  to  burn 
out  carbonaceous 
material.  Settling 
and  filtering  char- 
acteristics of  ore 
improved. 


;,h'J!Li 


mJI 


J    Ta.c 

irb.E.K 

CARBONATE 

Quench  and  perco-          Pulp  agitated  to 
lation  to  recover          recover  soluble 
soluble  uranium              uranium  and 
and  vandium.                     vanadium. 

Liquids  separated         Liquids  separated 
through  filter  bot-      through  filters, 
tnrn  tanks.                         cyclones,   or  other. 

irS.G.H'  TllJlM 


^rp.L.N.O, 


P.Q.R.S 


WATER 

Quench  and  perco-   Pulp  agitated 
lation  to  recover 
water-aoluble 
■-■anad  j.um . 


recover  acid-soluble 
uranium. 


Liquids  separated 
through  filter  bot- 
tom tanks ■ 


Liquids  separated 
through  filters, 
cyclones,  or  other. 


A.B.Cif        G" 

Hin- 

ACID 

Percolation  to               Fulp  agitated  to 
recover  acid-                 recover  water- 
soluble  uranium             soluble   vanadium. 
and  vandium. 

Liquids   separated 
through  filter  bot- 
tom tanks . 

Liquids   separated 
through  filters, 
cyclones,   or  other. 

lWA-C [_   „   __      J't f •?•"'.  i '^^* 

dJ|U  e  .  k  1        ' 


RECOVERY  H~i!t^,N.s 


a,b.c.i.Jt      j.n.r.sJ: 


irA.c.D 


ION   EXCHANGE 

Jraniura  adsoried 
from  clear  solutioi 
by  resin;  eluted 
then  precipitated. 


YELLOW    CAKE 

pptnI 

Solutions  neutral-      | 

ized  with  acid 

to 

precipitate  un 

mium 

and  vanadium. 

:.k1 


.•(l.G.l 


:fT, 


I.J 


•f^ 


CAUSTIC      PPTN. 

Caustic   solution 
added  to  precipitatt 
■jranlum. 


GREEN    SLUDGE    PPTN. 
Acid  solution  added 
to  precipitate  all 
dissolved  material 
as   green  sludge. 


PHOSPHATE    PPTN 

Reducing  ager.t 
and  phosphate 
added  to  pre- 
cipitate uran- 


AMMONIA      PPTN. 

Ammonia  solution 
added  to  precipitate 
uranium  In  sludge. 


:    F,  L,0.  P.Q 


RESIN  IN  PULP 
■Jranium  adsorbed 
from  dilute  pulp 
by  resin;  eluted, 
then   precipitated. 


REFINING 


A.C.D  Jj 


B,G.H'_J 


■fr- 


•L.J 


REDUCTION     FUSION 

Precipitate  re- 
duced In  furnace, 
then  water-leached. 


GREEN     SLUDGE 
DIGESTION 

Sludge  dissolved  in 
acid  then  selective 
precipitation  by 
sodium  carbonate 
leaves  urani'jm  in 
solution  for   final 
precipitation  with 
acid. 


REDUCTION  FUSION  AND 
CAUSTIC     DIGESTION 

Pri^clpitate  reduced 
In  furnace,  washed 
with  caustic. 


DOUBLE 

CAUSTIC    i 

DIGESTION            1 

Impuritie 

3   in  pre- 

clpitate 

dlsBolved 

In  caust 

c  two 

tines. 

Letters  denote  circuits  of  individual  mills.     See  list  belo 
Primed  letters  denote  secondary  circuit  in  the  mill. 


(After  Lennemann,   1956  and   Irani,   I956) 


Explanation  of  letters  on  chart. 


Operator 

Mill  location 

Operator 

Mill  location 

A 

Vanadium  Corp.  of  America , 

Naturita,  Colo. 
Rifle,  Colo. 
Durango,  Colo. 
Monticello,  Utah 

Same 
Uravan,  Colo. 

Same 

Same 

Same 

Same 
Grand  Junction,  Colo. 

Same 

J 
K 

L 
M 
N 
0 
P 
Q 
R 
S 

Salt  Lake  City.  Utah 

Rliicwat^r    N    M 

B 

Union  Carbide  Nuclear  Co. -_ 

C 

D 

The  Galigher  Co. 

Shiprock,  N.  M. 

E 

F 

Union  Carbide  Nuclear  Co. 

Edgemont,  S.  D. 

G 

H 

Tuba  City,  Ariz. 
Maybell,  Colo. 
Lft  Sal    TTtAh 

H' 

H' 

Same  

I 

I' 

. 

Figure  12.     Composite  flowsheets  of  the  principal  elements  of  circuits  in  uranium  mills  in  the  western  United  States. 


bonaceous  material  and  increases  the  settling  and  filter- 
ing characteristics  of  small  particles  (Lennemann,  1956). 
In  acid  conditioning,  plant-waste  acid  liquors  are 
mixed  with  ore  to  neutralize  lime.  Uranium  and  va- 
nadium are  precipitated  by  the  addition  of  plant-waste 
basic  liquors  or  ammonia  and  the  ore  goes  through  sand- 
slime  separation. 

Acid  curing  involves  the  preparation  of  a  relatively 
dry  mixture  composed  of  sulfuric  acid,  water,  and  ura- 


nium ore.  The  mixture  is  cured  in  storage  piles  for  6 
to  8  hours  to  neutralize  lime  and  solubilize  vanadium 
for  recovery  in  a  water  leach. 

In  the  lime  kill  process,  ore  that  contains  more  than 
3  or  4  percent  lime  is  given  an  initial  acid  leach  in  which 
up  to  80  percent  of  the  uranium  in  the  ore  is  extracted. 
Uranium  is  recovered  from  the  leach  liquors  in  ion 
exchange  columns.  Uranium  and  vanadium  in  the  solids 
are  recovered  by  salt  roasting  and  acid  leaching. 
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Leaching.  Uranium  ores  are  leached  in  acid  or  car- 
bonate solutions,  or  in  water,  to  get  uranium  into  solu- 
tion so  that  it  can  be  extracted  by  further  chemical 
treatment.  Easily  filterable  material  is  leached  in  per- 
colation tanks;  finely  ground  ores  and  those  with  high- 
slime  or  clay  content  are  agitated  during  leaching  and 
barren  solids  are  separated  after  removal  from  leach 
tanks. 

Acid  leaching  is  the  more  commonly  performed  be- 
cause ordinarily  it  is  the  most  effective  process.  Ores  with 
low-lime  content  are  ground  to  about  minus  35  mesh 
and  mixed  with  sulfuric  or  hydrochloric  acid  and  water 
to  form  a  pulp  composed  of  about  50  percent  solids.  If 
necessary,  an  oxidizing  agent  is  added  to  the  leach  solu- 
tions to  convert  uranium  to  soluble  compounds.  Solutions 
that  contain  the  uranium  are  called  "pregnant  solu- 
tions" which  are  separated  from  the  pulp  either  by 
decanting  or  filtration. 

Uranium  ores  that  contain  excessive  lime  (approxi- 
mately 14  percent  or  more)  are  leached  in  carbonate 
solutions.  Ore  ground  to  about  minus  65  mesh  is  mixed 
with  sodium  carbonate  and  water  to  form  a  pulp  that 
is  composed  of  50  to  55  percent  solids.  The  ore  remains 
in  contact  with  hot  sodium  carbonate  solutions  for  sev- 
eral hours  in  pressurized  autoclaves  or  up  to  48  hours 
in  open  agitators.  The  pregnant  solution  is  separated 
from  the  pulp  by  filtration. 

Water  leaching  is  employed  to  recover  water-soluble 
vanadium  after  salt  roasting  or  acid  curing.  Uranium 
is  subsequently  recovered  by  acid  leaching  or  ion  ex- 
change. 

Liquid-Solid  Separation.  Liquid-solid  separation  pro- 
vides for  the  separation  of  barren  solids  from  pregnant 
solutions  before  uranium  is  extracted  from  the  solutions. 
Pulps  from  agitation  leach  tanks  are  separated  into 
sand  and  slime  fractions,  then  slimes  are  washed  and 
decanted  to  obtain  clear  solutions.  Clear  solutions  from 
percolation  leach  tanks  are  obtained  through  filter- 
bottomed  leach  tanks. 

Recovery  of  Uranium  From  Pregnant  Solutions. 
Uranium  is  recovered  from  pregnant  solutions  by  chemi- 
cal precipitation,  extraction  by  ion  exchange,  or  solvent 
extraction.  Chemical  precipitation  caused  by  neutraliza- 
tion of  the  solution  has  been  the  most  widely  used  process 
for  solutions  from  acid  and  carbonate  leach  processes. 
The  ion  exchange  method,  however,  is  now  used  in  many 
acid-leach  plants,  and  more  recently,  a  solvent  extrac- 
tion method  has  been  developed  for  use  in  acid-leaeh 
circuits. 

Uranium  Refining.  Uranium  concentrates  from  some 
mills  are  further  refined  before  they  can  meet  A.E.C. 
specifications.  In  one  method,  low  grade  or  impure  con- 
centrates are  mixed  with  sodium  carbonate,  salt,  and 
sawdust  or  fuel  oil,  then  heated  to  about  950  degrees  C. 
to  reduce  the  concentrates  to  uranium  dioxide  and  con- 
vert the  impurities  to  water  soluble  sodium  salts.  Two 
other  methods  involve  chemical  digestion.  In  acid  diges- 
tion, the  low-grade  concentrates  are  purified  and  neu- 
tralized with  sodium  carbonate  to  obtain  a  relatively 
pure  solution  of  the  uranium.  The  uranium  is  then  pre- 
cipitated from  the  solution  by  neutralizing  with  acid. 
Low-grade  concentrates  can  also  be  treated  by  caustic 


digestion  in  which  a  hot  caustic  wash  dissolves  all  but 
the  uranium. 

UTILIZATION 

Prior  to  1943,  uranium-bearing  ores  were  valued 
chiefly  for  their  vanadium  or  radium  content,  and  as 
late  as  1939  there  was  a  surplus  of  byproduct  uranium 
from  such  ores.  Since  the  development  of  the  use  of 
uranium  for  atomic  energy,  the  U.  S.  Government  has 
sharply  curtailed  its  use  for  nonenergy  purposes.  Be- 
tween 1943  and  1952  only  49,123  pounds  of  uranium 
oxide  was  consumed  in  the  United  States  for  nonenergy 
purposes  as  compared  to  an  annual  consumption  of 
200,000  pounds  or  more  before  1943. 

The  principal  nonenergy  uses  have  been  in  ceramic 
products,  luminescent  paints,  tool  steels,  and  chemicals, 
but  adequate  substitutes  have  been  found  for  most  of 
these  applications.  In  ceramic  products  uranium  com- 
pounds are  utilized  to  color  pottery  glazes  and  porcelain 
bodies,  and  to  color  glass.  Uranium  salts  are  combined 
in  luminescent  paints  either  for  their  own  inherent  fluo- 
rescence or  as  activators  for  other  compounds  in  the 
paints.  Uranium  compounds  have  applications  in  special 
steels,  photographic  reagents,  and  as  catalysts  in  organic 
chemical  reactions. 

Since  1945,  most  of  the  uranium  consumed  in  the 
United  States  has  been  in  the  development  and  manu- 
facture of  atomic  bombs  and  other  nuclear  weapons. 
Uranium  is  consumed  also  in  the  development  of  nu- 
clear reactors  for  industrial  power  and  nuclear  propul- 
sion for  military  equipment.  Radio  isotopes  from 
reactors  are  receiving  widespread  application  in  medical 
research  and  therapy  and  as  industrial  tracers. 
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VANADIUM 

By  Melvin  C.  Stinson 


Although  vanadium  is  widely  distributed  in  minute 
quantities  through  the  crust  of  the  earth,  deposits  of 
commercial  value  are  rare.  The  greatest  known  concen- 
trations of  vanadium  occur  in  Peru  and  the  Colorado 
Plateau  region  of  the  United  States. 

Vanadates  have  been  found  in  Kern  and  San  Ber- 
nardino Counties,  and  some  of  the  gold  quartz  veins  of 
the  Mother  Lode  in  Amador  and  Calaveras  Counties 
contain  roscoelite,  a  vanadiferous  micaceous  mineral. 
However,  vanadium  has  not  been  produced  commercially 
from  California  deposits. 

Most  of  the  vanadium  used  in  the  United  States  is 
consumed  as  ferrovanadium  in  the  manufacture  of  vari- 
ous types  of  steel.  Vanadium  is  used  mainly  in  steel  for 
its  grain-refining  and  alloying  eifects.  Vanadium  oxide 
and  ammonium  metavanadate  are  used  as  catalysts,  in 
glass  and  ceramic  glazes,  for  driers  in  paints  and  inks, 
and  for  laboratory  research.  Metallic  vanadium  has  lim- 
ited uses  in  special  alloys. 

Mineralogy  and  Geologic  Occurrence.  Vanadium  is 
one  of  the  more  abundant  trace  elements  and  is  very 
widespread  through  the  crust  of  the  earth.  Although  it 
ranks  twenty-second  in  abundance  among  the  elements 
in  the  earth's  crust,  in  only  a  few  places  is  it  mined. 

Vanadium  is  a  grayish-white,  nonmagnetic,  metallic 
element  with  a  high  electrical  resistivity.  It  is  one  of  the 
least  volatile  metals  at  the  melting  point  and  is  extremely 
difficult  to  reduce  to  the  pure  metallic  state  from  its 
oxides. 

About  70  vanadium  minerals  have  been  identified, 
but  only  five  of  them — patronite,  bravoite,  sulvanite, 
davidite,  and  roscoelite — are  of  primary  origin.  Of 
these,  only  patronite  and  roscoelite  (which  also  occurs 
as  a  secondary  mineral)  are  abundant  enough  to  be 
considered  as  ore  minerals. 

The  other  known  vanadium  minerals  are  products  of 
oxidation  of  primary  vanadium-bearing  minerals,  and 
generally  are  very  conspicuous  because  of  their  bright 
colors — green,  yellow,  red,  orange  and  brown — and  beau- 
tiful crystals.  The  most  important  of  the  secondary 
vanadium  ore  minerals  are  carnotite  and  vanadinite. 

Patronite  (V2S5-}-nS)  is  a  vanadium  sulfide  with  an 
excess  of  sulfur.  It  is  found  only  at  Mina  Ragra,  Peru, 
where  it  comprises  the  largest  known  vanadium  deposit 
in  the  world.  It  is  a  greenish  black  amorphous  mineral 
and  generally  contains  some  iron,  nickel,  molybdenum, 
phosphorus,  and  carbon. 

Roscoelite  (2K20-2Al203(Mg,Fe)  O-SVoOg-lOSiO.- 
4H2O)  is  a  vanadium-bearing  mica  found  sparingly  as 
a  vein  mineral  in  a  number  of  rich  gold-bearing  veins, 
and  in  economically  important  quantities  as  a  secondary 
mineral  in  the  sandstones  of  Colorado  and  Utah.  It  is 
clove  brown  to  greenish  brown  in  color  and  carries  about 
20  percent  V2O5. 

Carnotite  (K20-2U03-V205-nH20)  generally  consists 
of  an  earthy  aggregate  of  greenish-yellow  or  lemon  yel- 
low cryptocrystalline  material.  It  is  especially  abundant 
in  the  plateau  country  of  western  and  southwestern 
Colorado  and  adjacent  areas  in  Utah,  Arizona,  "Wyoming, 


and  New  Mexico  where  it  forms  a  cementing  material  in 
Jurassic  sandstones  (see  section  on  uranium  in  this 
volume).  It  locally  comprises  pure  masses  that  have  re- 
placed fossil  logs  and  bones. 

Vanadinite  (Pb(PbCl)  (V204)3)  is  a  red,  yellow,  or 
brown  mineral  which  occurs  as  crystalline,  compact 
fibrous  crusts  in  the  oxidized  zone  of  lead  deposits.  It  is 
derived  by  the  alteration  of  vanadiferous  sulfides  and 
silicates  of  the  gangue  and  wall  rocks. 

Most  rocks  carry  from  a  trace  to  a  few  hundredths  of 
a  percent  of  vanadium  oxide.  Coal  ash  may  have  a  com- 
parable content  of  vanadium  oxide,  and  the  vanadium 
oxide  content  of  petroleum  ash  commonly  is  enough  to 
be  economically  recoverable.  The  ash  content  of  certain 
asphaltites,  such  as  those  in  Argentina  and  Peru,  become 
of  economic  importance  when  it  is  possible  to  use  the 
asphaltite  for  fuel  and  to  recover  the  ash  for  its  vana- 
dium content. 

Magnetite  iron  ores  contain  as  much  as  1  percent 
vanadium  oxide  and,  under  favorable  economic  condi- 
tions, the  vanadium  could  be  recovered  from  the  slag 
that  is  produced  in  smelting  the  iron  ore.  Ilmenite  and 
other  titanium  minerals  commonly  contain  0.1  to  0.3 
percent  vanadium  oxide  which  can  be  recovered  during 
the  extraction  of  the  titanium.  The  phosphate  rocks  of 
Idaho  and  Montana  contain  from  0.11  to  0.45  percent 
vanadium  oxide.  The  vanadium  has  been  recovered  dur- 
ing the  manufacture  of  phosphoric  acid  and  phosphate 
fertilizers. 

Most  of  the  world's  production  of  vanadium  has  been 
from  the  vanadium  sulfide  deposits  in  Peru,  the  vana- 
dium-bearing (carnotite)  sandstones  in  the  United 
States,  and  from  the  vanadate  deposits  in  Northern 
Rhodesia  and  Southwest  Africa. 

The  center  of  vanadium  mining  in  the  United  States 
is  in  the  northeastern  part  of  the  Colorado  Plateau. 
Deposits  of  vanadium-bearing  sandstone  containing  ura- 
nium are  widely  distributed  in  southwestern  Colorado, 
southeastern  Utah,  northern  Arizona,  and  northern  New 
Mexico.  Since  1954,  some  vanadium  has  been  produced 
from  South  Dakota  and  Wyoming.  Vanadium  produc- 
tion in  this  region  is  a  by-product  of  the  uranium  pro- 
duction. Most  of  the  uranium-vanadium  deposits  of 
economic  importance  are  found  in  the  Shinarump  con- 
glomerate of  Triassic  age,  and  the  Entrada  sandstone 
and  Morrison  formation  of  Jurassic  age.  At  many  places 
the  deposits  are  largely  or  wholly  confined  to  a  single 
stratigraphic  zone  in  one  of  these  formations.  The  ore 
minerals  are  roscoelite  or  carnotite,  which  generally  oc- 
cur as  impregnations  of  the  sandstone.  Vanadium  ore 
(roscoelite)  of  milling  grade  contains  from  1  to  5  percent 
V2O5.  A  description  of  the  carnotite  deposits  of  the  Colo- 
rado Plateau  is  included  in  the  uranium  section  of  this 
volume. 

The  Mina  Ragra  mine  of  the  Vanadium  Corporation 
of  America  is  in  the  central  part  of  the  Peruvian  high- 
lands. This  mine  has  been  an  important  source  of  vana- 
dium since  1907  when  high-grade  vanadium  ore  was 
first  shipped  to  the  United  States.  Mining  operations 
were  first  started  on  outcroppings  of  high-grade  oxide 
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ore.  Shortly  afterward  a  lenticular  body  of  high-grade 
sulfide  ore,  containing  the  mineral  patronite,  was  found 
under  the  oxides.  This  body,  together  with  the  oxide  ore 
that  bordered  its  upper  part,  was  the  source  of  the  high- 
grade  shiping  ore  exploited  up  to  about  1925.  The  ore, 
made  up  of  green  and  red  vanadium  oxides  (the  latter 
called  hewettite),  contained  as  much  as  35  percent  vana- 
dium (Larsen  and  Welker,  1947,  p.  9).  Between  1907 
and  1925,  about  20,000,000  pounds  of  ore  was  shipped 
and  averaged  20.5  percent  vanadium  (Larsen  and 
"Welker,  1947,  p.  7).  Surrounding  the  lens  of  high-grade 
vanadium  oxides  and  sulfides  are  irregular  concentric 
laj'ers  of  other  types  and  grades  of  ores.  The  layer  next 
to  the  core  consists  of  dark-green  and  dark-red  altered 
shale  containing  replacements  by  calcium  vanadates  and 
averaging  about  4  percent  vanadium.  Ore  from  this 
layer  is  being  treated  at  a  reduction  plant  on  the  prop- 
erty. 

Vanadium  mineralization  in  the  Mina  Ragra  region  is 
not  confined  to  one  deposit,  but  occurs  in  a  north-trend- 
ing zone  about  125  miles  in  length.  The  vanadium  is 
contained  in  a  black,  coal-like  substance  called  asphaltite 
which  has  been  intruded  between  and  across  the  bedding 
of  the  shales  to  form  lenses  ranging  from  a  few  inches 
to  several  feet  in  thickness. 

Many  veins  that  contain  lead,  copper  and  zinc  minerals 
also  contain  minor  vanadium,  especially  in  compara- 
tivelj^  dry  regions  such  as  the  southwestern  United 
States,  northern  Mexico,  Northern  Rhodesia,  Southwest 
Africa,  or  Spain. 

The  African  vanadium  ores  contain  vanadinite  and 
descloizite  and  are  mined  at  Broken  Hill  in  Northern 
Rhodesia  and  from  the  vicinity  of  Otavi  in  Southwest 
Africa. 

In  California,  vanadium  minerals  have  been  noted  at 
several  localities.  Although  the  occurrence  of  vanadium 
minerals  in  San  Bernardino  County  has  been  known  for 
some  time,  principally  in  the  Camp  Signal  di.strict  north 
of  Goffs,  no  successful  commercial  recovery  of  vanadium 
has  been  made  as  yet.  In  the  Camp  Signal  district,  vana- 
dium occurs  as  vanadinite  and  thin  coatings  of  cupro- 
descloizite  in  the  seams  and  cracks  of  quartz  veins  in 
granitic  rocks.  Two  companies  made  unsuccessful  efforts 
to  recover  these  minerals  (Wright,  et  al.,  1953,  p.  153). 
Layers  of  dark-green  roseoelite  as  much  as  a  half  an 
inch  in  thickness,  interlaminated  with  gold  were  found 
in  Big  Red  Ravine,  near  the  old  Sutter  Mill,  but  were 
destroyed  to  obtain  the  gold  which  was  interlayered 
with  it  (Hanks,  1881,  p.  428).  Small  quantities  of  vanad- 
inite have  been  found  in  the  Randsburg  district  of  Kern 
County. 

Utilization.  Most  of  the  vanadium  used  is  consumed 
as  ferrovanadium  in  manufacturing  special  steel  and 
iron  alloys.  Other  metals,  particularly  chromium  and 
manganese  commonly  are  constituents  of  such  alloys. 
The  presence  of  vanadium  in  steel  increases  its  tensile 
strength  without  reducing  ductility,  and  imparts  tough- 
ness and  torsional  strength.  In  high-speed  steels  the 
vanadium  content  ranges  from  approximately  0.50  to 
2.50  percent.  Other  alloy  tool  steels  contain  0.20  to  1.00 
percent  and  steels  used  for  construction  purposes  gen- 
erally contain  from  0.10  to  0.25  percent  vanadium.  Most 
steels  that  contain  more  than  0.50  percent  vanadium 
have  special  purposes. 
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Figure  1.  Flowsheet  of  Vanadium  Corporation  of  America 
reduction  plant  at  Jumasha,  Peru.  (Modified  after  Larsen  and 
Welker.) 
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Figure  2.  Flowsheet  showing  processes  for  recovery  of  vana- 
dium from  carnotite  and  roseoelite  before  1948.  (Modified  after 
Lennemann.) 
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The  alloy  steels  generally  are  made  in  open-hearth 
furnaces,  the  vanadium  in  the  form  of  ferrovanadium 
being  added  shortly  before  casting.  The  addition  of 
vanadium  to  the  open  hearth  eliminates  any  oxides  and 
nitrates  that  are  present  by  forming  compounds  that 
go  into  the  slag.  Many  special  vanadium-bearing  alloys 
are  now  made  in  electric  furnaces.  The  chrome-vanadium 
series  of  alloy  steels  do  not  contain  seams  and  surface 
imperfections  commonly  found  in  nickel  steels.  Several 
of  these  series  of  alloy  steels  are  not  face-hardened  but 
develop  a  high  resistance  by  heat  treatment  and  are 
widely  used  for  armor  plate  of  medium  thickness 
(Argall,  1943,  p.  9). 

The  use  of  metallic  vanadium  is  limited  largely  to 
alloying  with  gold  in  dental  alloys,  with  copper  and 
bronzes  (such  as  for  aircraft  propeller  bushings)  and 
with  aluminum  for  airframe  construction  (Davis,  1956, 
p.  4). 

Vanadium  in  the  form  of  ammonium  metavanadate 
and  sodium  hexavanadate  is  used  as  a  catalyst  in  the 
manufacture  of  sulfuric  acid.  To  a  minor  extent,  vana- 
dium and  its  compounds  are  used  in  the  glass,  ceramic, 
dye,  and  chemical  industries. 

The  present  oversupply  of  by-product  vanadium  plus 
the  extensive  vanadium  research  in  recent  years  should 
lead  to  new  uses  of  vanadium. 

.  Methods  of  Treatment.  The  vanadium-bearing  ores 
shipped  from  Peru  prior  to  1925  averaged  over  20  per- 
cent V2O-,  and  needed  no  beneficiation  before  smelting. 
Since  1925,  most  of  the  Peruvian  ore  exported  has  re- 
quired beneficiation  before  it  can  be  used  to  charge  elec- 
tric furnaces.  The  ore,  which  averages  about  4  percent 
vanadium,  is  treated  by  a  combination  roasting  and 
lixiviation  process.  A  water  leach  in  a  specially  designed 
tank  called  a  "quench  box"  is  of  special  importance. 
Figure  1  is  a  generalized  flowsheet  of  the  process  (1947). 

Before  1948,  the  most  used  processes  of  vanadium  re- 
coverj^  from  carnotite  or  roscoelite  ores  of  the  Colorado 
Plateau,  consisted  of  roasting  the  dry  ground  ore  with 
6  to  7  percent  by  weight  of  common  salt.  The  calcine, 
obtained  by  roasting  the  salt  and  ore  mixture,  was 
quenched  in  water  or  sodium  carbonate  solutions  to  ex- 
tract the  vanadium  which  had  been  converted  to  a  solu- 
ble sodium  vanadate  by  the  salt  roast.  Vanadium  was 
recovered  from  the  leach  by  adjusting  the  solution  pH 
to  3  and  then  heating  and  stirring,  which  precipitated 
and  flocculated  a  sodium  polyvanadate,  commonly  called 
"red  cake".  The  red  cake  was  removed  by  filtration, 
washed  and  fused  with  a  direct  flame  to  obtain  fused 
vanadium  pentoxide  containing  more  than  86  percent 
V20,T  (Lennemann,  1956,  p.  124).  These  processes  are 
shown  in  figure  2. 

The  vanadium-bearing  lead-copper-zinc  ores  of  North- 
ern Rhodesia  are  first  treated  by  gravity  concentration 
to  recover  60-70  percent  of  the  vanadium  in  a  concen- 
trate that  contains  5  percent  VoO.,.  The  slimed  minerals 
are  then  sulfidized  and  floated  with  emulsified  fatty  acids. 
A  recovery  of  90  percent  of  the  V2O.-,  is  obtained  from 
concentrates  that  contain  4  percent  VoO.r,.  The  vanadium 
is  finally  recovered  by  leaching  the  concentrates  in  sul- 
furic acid.  The  pulp  is  neutralized  with  calcium  hydrox- 
ide and  heated  with  agitation  to  60°  C.  The  pulp  is 
filtered  and  the  vanadium-bearing  filtrate  treated  by  the 


same  process  as  that  used  on  carnotite  ore  for  the  pre- 
cipitation of  red  cake  (Argall,  1943,  p.  47). 

In  1948,  when  the  Atomic  Energy  Commission  negoti- 
ated with  the  vanadium  mills  for  the  by-product  uranium 
concentrate,  flowsheets  were  expanded  accordingly.  Most 
of  the  early  processes  for  the  recovery  of  both  uranium 
and  vanadium  involved  a  salt  waste  and  either  a  water 
leach  or  a  sodium  carbonate  leach  to  separate  the  soluble 
vanadium  compounds  from  the  in.soluble  uranium  com- 
pounds. Some  of  the  mills  still  recover  vanadium  and 
uranium  by  modiflcations  of  the  salt  roast  process.  Other 
mills  are  using  more  recently  developed  processes  (see 
section  on  uranium  in  this  volume).  Still  other  mills  re- 
cover only  uranium  from  the  carnotite  type  ores. 

Markets.  For  many  years  vanadium  ore  was  quoted 
at  27J  cents  a  pound  of  contained  VoOr,,  but  on  March  8, 
1951,  the  price  was  advanced  to  31  cents.  This  quotation, 
however,  disregards  penalties  based  on  grade  of  the  ore 
or  the  presence  of  objectionable  impurities — matters  im- 
portant to  the  refiners,  inasmuch  as  impurities  vitally 
affect  recovery  (Davis,  1956,  p.  3). 

Engineering  and  Mining  Journal  Metal  and  Mineral 
Markets  during  the  first  half  of  1956  quoted  vanadium 
metal  at  $3.45  per  pound  in  100  pound  lots.  Ferrovana- 
dium was  quoted  as  follows :  Per  pound  contained  vana- 
dium; carload  lots,  various  sizes,  packaged,  f.o.b.  des- 
tination continental  U.  S.,  (50-55  percent  vanadium)  ; 
open  hearth  $3.10,  Crucible,  $3.20,  and  high  speed,  $3.30 

According  to  a  recent  article  (The  Mining  Record, 
Sept.  6,  1956,  p.  5)  the  Gibralter  TTranium  Corporation 
of  Denver,  Colorado  has  developed  a  market  for  vana- 
dium concentrates  in  Europe,  particularly  in  Germany 
and  Austria.  The  Gibralter  Uranium  Corporation  will 
buy  vanadium  liquor  that  has  been  separated  out  in  the 
uranium  processing,  from  the  Kerr-McGee  processing 
plant  at  Shiprock,  New  Mexico.  The  proposed  operations 
call  for  the  shipment  of  125,000  pounds  of  vanadium 
concentrates  per  month. 

ifost  of  the  vanadium  used  in  the  steel  industry  is 
consumed  in  the  eastern  United  States.  A  California 
vanadium  producer  would  have  to  be  able  to  mine  and 
concentrate  his  vanadium  ore  cheaply  enough  to  com- 
pete with  by-product  vanadium  from  the  uranium  mills 
on  the  Colorado  Plateau.  California  vanadium  ore  to  be 
of  commercial  significance  would  have  to  be  either 
cheaply  mined  on  a  large-scale  basis  or  recovered  as  a  by- 
product of  base  metal  operations. 
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WOLLASTONITE 

By  Bennib  W.  Troxel 


WoUastonite,  a  new  mineral  in  the  nonmetallic  field, 

m  has  many  potential   applications,   particularly   in   the 

ceramic,  chemical,  and  paint  industries.  Although  very 

large  deposits  of  woUastonite  exist  in  California,  in  1955 

no  continuous  mining  operations  had  developed. 

Mineralogy  and  General  Geology.  WoUastonite  is  a 
calcium  metasilicate  (CaO-Si02)  with  a  theoretical 
chemical  composition  of  48.3  percent  CaO  and  51.7  per- 
cent Si02.  It  is  trielinic  and  is  nearly  identical  in  phys- 
ical properties  with  parawollastonite,  which  is  mono- 
clinic.  It  fuses  at  1540°  C.  after  inversion  at  1150°  C. 
to  pseudowollastonite  which  is  pseudohexagonal  and 
probably  monoclinic.  Some  mineralogists  refer  to  the  low 
temperature  form  as  beta  woUastonite  and  to  the  high 
temperature  form  as  alpha  woUastonite. 

WoUastonite  commonly  contains  as  much  as  several 
percent  manganese,  iron,  or  magnesium  oxides.  It  has  a 
hardness  of  4.5  to  5  on  Mohs '  scale  and  ranges  in  specific 
gravity  from  2.8  to  2.9.  It  is  generally  fibrous,  brittle, 
white  to  cream  colored  or  gray,  translucent,  and  has 
one  perfect  cleavage  and  two  good  cleavages.  It  is  de- 
composed by  hydrochloric  acid. 

WoUastonite  ordinarily  occurs  in  impure  limestone 
that  has  been  metamorphosed  near  igneous  intrusive 
bodies,  and  commonly  is  associated  with  diopside, 
idocrase,  garnet,  epidote,  calcite,  and  quartz.  These 
minerals  ordinarily  must  be  removed  before  woUastonite 
can  be  used  in  ceramic  bodies. 

WoUastonite  is  abundant  in  many  areas  throughout 
the  world,  but  only  at  a  locality  near  Willsboro,  New 
York  (Amberg  and  McMahon,  1949)  and  a  locality 
north  of  Randsburg,  California  (Thorndyke,  1936)  has 
it  been  mined  commercially.  The  woUastonite  at  Wills- 
boro occurs  in  a  west-northwest  trending  belt  of  pre- 
Cambrian  metamorphic  rocks.  Two  woUastonite-bearing 
layers  appear  to  contain  most  of  the  material  of  com- 
mercial interest.  The  one  that  has  been  mined  to  date 
is  40  to  45  feet  in  average  width,  extends  along  the 
surface  for  at  least  2,000  feet,  and  is  estimated  to  con- 
tain at  least  3  million  tons  of  wollastonite-bearing  rock. 
Associated  with  the  woUastonite  are  layers  rich  in  andra- 
dite  garnet,  as  much  as  8  inches  thick,  and  thinner 
layers  rich  in  magnetic  green  diopside. 

Since  1947,  research  pertaining  to  the  milling,  bene- 
ficiation,  and  utilization  of  woUastonite  from  the  Wills- 
boro deposit  has  been  undertaken  by  the  New  York  State 
College  of  Ceramics  and  Godfrey  L.  Cabot,  Inc.,  White 
Pigments  Division,  Boston,  Massachusetts.  Cabot,  Inc. 
constructed  a  beneficiation  plant  and  mill  and  is  now 
marketing  ground  woUastonite  in  several  size  ranges. 
The  material  is  ground  and  treated  magnetically  to  yield 
nearly  pure  woUastonite  (75  percent),  garnet  (15  per- 
cent)  and  waste   (10  percent). 

Occurrences  in  California.  Of  the  35  occurrences  of 
woUastonite  in  California,  reported  in  Bulletin  136  of 
the  California  Division  of  Mines  (Murdoch  and  Webb, 
1948)  only  a  few  appear  to  be  capable  of  yielding  com- 
mercial quantities  of  the  relatively  pure  mineral.  Most 
of  the  woUastonite  in  California  occurs  in  areas  where 


impure  limestone  of  Lower  Mesozoic  or  Upper  Paleozoic 
age  is  near  intrusive  bodies  of  granite  or  other  acidic 
igneous  rocks  of  Mesozoic  age.  This  type  of  terrane  is 
common  in  the  desert  areas  of  the  south  and  southeastern 
parts  of  the  state  and  in  the  Sierra  Nevada. 

In  the  Big  Maria  Mountains,  16  miles  northwest  of 
Blythe,  eastern  Riverside  County,  pods  of  _  high-purity 
woUastonite  occur  in  crystalline  limestone  in  the  lower 
part  of  the  Paleozoic  (?)  Maria  formation.  The  pods 
range  from  a  few  inches  in  maximum  dimension  to  as 
much  as  1,800  feet  in  length.  The  largest  body  appears 
to  be  the  core  of  a  shallow  anticline  that  plunges  west- 
northwest.  Mixed  metamorphic  rocks  stratigraphically 
beneath  the  crystalline  limestone  also  contain  wollas- 
tonite-bearing layers.  These  rocks  appear  to  be  as  much 
as  500  feet  thick  and  can  be  traced  laterally  for  about 
4  miles.  The  wollastonite-bearing  rock  in  both  zones  is 
fine-grained  and  is  interbedded  with  fine-grained  diop- 
side and  thin  layers  of  crystalline  limestone.  The  in- 
dividual layers  of  woUastonite  in  this  succession  of  rocks 
vary  in  purity.  Local  beds  are  brownish-gray  and  appear 
to  have  a  relatively  high  iron  content.  A  few  tons  of 
nearly  white  woUastonite  have  been  mined  from  similar 
wollastonite-bearing  rocks  in  the  Little  Maria  Mountains. 
In  1956,  the  deposits  in  both  the  Big  Maria  and  the 
Little  Maria  Mountains  were  being  developed  by  Cali- 
fornia Limestone  Products  with  offices  in  Beverly  Hills, 
California. 

White,  coarsely  crystalline  woUastonite  occurs  in  Per- 
mian limestone  in  Warm  Spring  Canyon  on  the  east 
slope  of  the  Panamint  Range,  Inyo  County,  California. 
The  largest  body  is  an  elongate  lens  about  750  feet  long 
and  35  feet  in  average  thickness.  Most  of  the  rock  in  the 
lens  consists  almost  wholly  of  woUastonite  but  siliceous 
and  calcareous  material  forms  local  layers  and  irregular 
masses.  Diopside,  quartz,  and  calcite  are  minor  constitu- 
ents throughout  the  lens  of  woUastonite. 

Wollastonite-bearing  metasedimentary  rocks  of  prob- 
able Paleozoic  age  also  occur  near  Code  Siding,  north  of 
Randsburg  in  Kern  County.  They  are  exposed  in  three 
low  mounds  near  the  center  of  a  small  valley  in  the 
northeastern  part  of  El  Paso  Mountains.  In  these  rocks 
the  woUastonite  occurs  as  numerous  coarse-  to  fine- 
crystalline  gray  layers  interstratified  with  nearly  equal 
or  greater  amounts  of  fine-grained  gray  diopside  and 
buff  to  tan  massive  garnet.  The  sequence  is  several  tens 
of  feet  in  total  thickness.  The  rocks  are  intricately  folded 
and  trend  northward.  The  extent  of  this  deposit  is  not 
known  because  it  extends  beneath  alluvium.  In  1933-34 
this  deposit  yielded  an  undisclosed  amount  of  material 
for  the  manufacture  of  mineral  wool.  This  was  the  first 
commercial  production  of  woUastonite  in  the  United 
States,  if  not  in  the  world. 

The  western  part  of  the  Shadow  Mountains,  22  miles 
northwest  of  Victorville,  San  Bernardino  County,  is  un- 
derlain by  metamorphosed  rocks  that  contain  woUaston- 
ite. A  north-striking,  east-dipping  succession  of  layered 
metamorphic  rocks  composed  mostly  of  schist,  marble, 
and  hornfels  of  probable  Paleozoic  age,  is  exposed  in 
a  group  of  low  hills  about  1  mile  long.  One  bed,  about  15 
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Figure  1.     Generalized  geologic  maps  of  wollastonite-beariug  rocks  of  the  Little  Maria  and  Big  Maria  Mountains. 
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Figure  2.  View  northeastwaru  \  ir  i  part  of  the  southwestern 
flank  of  Big  Maria  Mountains  from  Ulythe-Mldland  road  al)oiit  3 
miles  distant.  Darlc-colored  layered  rocks  extending  to  right  from 
center  of  photograph  are  thick  succession  of  woUastonite-bearing 
metasedimentary  rocks. 

feet  thick,  is  composed  of  coarsely  crystalline  fibrous 
gray  wollastonite,  dense  gray  diopside  and  idocrase,  and 
pale  brown  massive  garnet.  Wollastonite  locally  com- 
prises more  than  40  percent  of  the  rock. 

Several  wollastonite  occurrences  also  have  been  re- 
ported in  crystalline  limestone  in  other  parts  of  the  Mo- 
jave  Desert,  principally  near  Barstow  and  Victorville, 
and  near  Big  Bear  Lake.  Still  other  wollastonite  deposits 
exist  throughout  the  Sierra  Nevada  where  the  mineral 
has  been  found  in  metamorphosed  limestone  especially 
in  the  vicinity  of  tungsten  deposits.  Wollastonite  also 
occurs  in  metasedimentary  rocks  near  Darwin,  Inyo 
County,  and  has  been  noted  in  the  north  part  of  the 
Argus  Range  almost  due  east  of  Darwin. 

Limestone  in  roof  pendants  of  metasedimentary  rocks 
(Upper  Paleozoic-Lower  Triassie?)  in  the  eastern  part 
of  San  Diego  County,  and  the  western  part  of  Imperial 
County,  contain  small  amounts  of  wollastonite,  none  of 
commercial  importance.  Wollastonite  has  .been  found  in 
the  eastern  part  of  the  Cargo  Muehacho  Mountains, 
southeastern  Imperial  County. 

Physical  and  Chemical  Propertie'^.  The  physical  and 
chemical  properties  of  wollastonite  show  virtually  no 
differences  from  deposit  to  deposit.  It  is  brittle,  fibrous 
even  in  very  small  particles,  grinds  white,  and  is  chem- 
ically inert.  In  comparison  with  mo.st  other  extenders, 
wollastonite  shows  a  low  water  and  latex  adsorption  in 
the  same  ratio  that  it  shows  lower  oil  adsorption  (G. 
J.  Duffy,  personal  communication,  1956).  It  is  easily 
separated  from  magnetic  minerals  that  commonly  occur 
with  it,  but  separated  with  difficulty  from  ealcite,  quartz, 
and  non-magnetic  diopside.  These  minerals  need  not  be 
removed  for  certain  applications  of  wollastonite. 

Wollastonite  fires  white  to  gray,  matures  at  a  slightly 
lower  firing  temperature  than  most  conventional  ceramic 
bodies  and  can  be  fired  at  a  faster  rate.  It  has  a  low 
firing  range  (cone  06  to  cone  5),  and  certain  wollastonite 
bodies  can  be  fired  along  with  the  glazes,  thus  eliminat- 


ing second  firings.  Ceramic  bodies  that  contain  wol- 
lastonite have  low  shrinkage  values,  high  modulus  of 
rupture,  high  thermal  shock  resistance,  and  high  porosity. 
Wollastonite  bodies  can  be  vitrified  if  desired.  Fired 
wollastonite  bodies  do  not  warp  as  much  as  conventional 
bodies  and  the  fibrous  structure  imparts  a  high  mechan- 
ical strength  (Amberg,  et  al.,  1949).  With  proper  formu- 
lation of  glazes,  a  satisfactory  glaze  can  be  obtained  on 
high-wollastonite  bodies  without  the  application  of  an 
engobe  (G.  J.  Duffy,  personal  communication,  1956). 
Fired  bodies  that  contain  wollastonite  have  high  dielec- 
tric strength  and  low  electrical  loss  (Neely,  1954). 

Bonded  and  baked  bodies  that  contain  wollastonite  can 
be  worked  with  ordinary  tools.  The  material  can  be  sawed 
and  drilled  nearly  as  easily  as  wood  and  holds  nails  and 
screws  well. 

Uses.  Many  uses  have  been  suggested  both  for  crude 
and  beneficiated  wollastonite,  and  subsequent  research 
has  proved  that  the  mineral  can  be  used  successfully  in 
the  ceramic  industries,  as  a  nonmetallic  filler,  and  for 
numerous  miscellaneous  applications.  These  are  mostly 
potential  uses  where  acceptance  will  depend  largely  on 
the  readiness  of  certain  mineral-consuming  concerns  to 
use  wollastonite  as  a  substitute  for  other  materials,  some 
of  which  may  not  be  as  desirable  as  wollastonite.  but  are 
less  expensive.  It  commonly  could  be  substituted  in  some 
of  the  uses  to  which  such  materials  as  clay,  limestone, 
steatite,  asbestos,  serpentine,  fibrous  talc,  and  flint-lime- 
stone mixtures  are  put.  For  some  uses  it  may  become  a 
material  for  which  no  satisfactory  substitute  exists. 

In  the  ceramic  industry,  beneficiated  wollastonite  has 
proved  satisfactory  for  use  in  floor  and  wall  tile  bodies, 
in  porcelain  fixtures,  thermal  insulation  products, 
acoustical  tile,  frits  for  enamelware,  glazes,  dinnerware, 
and  electrical  insulator  products  (Amberg  and  Mc- 
Mahon,  1949).  This  is  attributable  principally  to  the 
light  color  after  firing,  low  shrinkage  values,  low  warp- 
ing values  and,  for  electrical  products,  to  its  low  electri- 
cal loss. 

As  a  paint  extender  wollastonite  is  useful  because  it 
absorbs  less  oil  than  most  extenders,  holds  pigments  at 
lighter,  has  less  viscous  consistency  and  is  more  wettable 
than  fibrous  talc.  Less  absorption  of  oil  results  in  savings 
to  paint  producers.  The  fibrous  particles  tend  to  inter- 
lock, thereby  improving  the  toughness  and  durability  of 
paint. 

Wollastonite  is  suitable  as  a  filler  in  asphalt-based 
floor  tiles.  In  certain  floor  tiles  that  contain  serpentine 
and  asbestos  fillers,  a  superior  product  was  obtained 
when  fibrous  wollastonite  was  substituted  for  serpentine, 
even  when  less  asbestos  fiber  was  used  (Amberg  and 
McMahon,  1949,  p.  36). 

Wollastonite  is  used  in  welding  rod  coatings  and 
makes  an  excellent  white  mineral  wool.  It  has  certain 
applications  as  coating  and  filler  for  paper,  as  an  abra- 
sive, a  bond  for  abrasive  wheels,  as  filler  for  plastics  and 
cement,  and  as  a  filter.  Bonded  and  baked  wollastonite 
products  could  be  used  for  wall  board  and  exterior 
sheathing. 

Mining,  Processing,  and  Marketing.  Only  the  wol- 
lastonite deposits  that  are  large  enough  to  be  mined 
from  open  pits  at  the  surface  have  been  mined  to  date, 
but  Cabot,  Inc.  will  probably  mine  underground  by  1958 
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(G.  J.  Duffy,  personal  communication,  1956).  Cost  of 
transportation  to  markets  limits  the  utilization  of  de- 
posits in  remote  areas. 

Mining  costs  of  California  wollastonite  deposits  may 
be  slightly  higher  than  for  ceramic  materials  of  similar 
uses  because  of  the  extreme  toughness  of  the  wollastonite- 
bearing  rock  in  some  deposits.  This  toughness  is  created 
by  the  tight  interlocking  of  small  crystals.  However, 
overall  costs  of  open-pit  mining  of  wollastonite  might  be 
lower  than  underground  methods  of  recovery  of  certain 
ceramic  materials,  such  as  talc. 

"Wollastonite  can  be  ground  and  sized  by  standard 
methods  but  the  toughness  of  some  types  makes  milling 
costly.  Beneficiation,  if  needed,  and  grinding  may  be  done 
with  standard  equipment  such  as  magnetic  separators, 
wet  pebble  mills  and  classifiers.  Crushing  can  be  accom- 
plished with  ordinary  jaw  and  spring  crushers,  and 
rolls.  Grinding  techniques  can  be  varied  to  control 
aeicularity  of  the  wollastonite  particles. 


In  mid-1956  large  tonnage  markets  for  wollastonite 
in  California  had  yet  to  be  developed.  New  York  wol- 
lastonite has  been  available  in  California  since  1953  and 
a  few  tens  of  tons  have  been  consumed  annually  in  the 
state  as  a  raw  material  in  ceramic  glazes. 

In  1956  ground  and  bagged  New  York  wollastonite 
retailed  in  carload  lots  at  prices  ranging  from  $19  for 
minus  20  mesh  to  $39.50  for  minus  325  mesh  per  ton, 
f.o.b..  New  York.  Shipping  charges  were  about  $30  per 
ton  in  50-ton  carloads  from  New  York  to  the  west  coast. 
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Figure  4.  View  westward  of  part  of  the  principal  wollastonite 
body  in  Warm  Spring  Canyon.  Wollastonite  underlies  rough  out- 
crops near  base  of  hill  in  foreground.  High  part  of  Panamint  Range 
in  distant  background. 
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ZINC 

By  J.  C.  O'Brien 


The  zinc  produced  in  California  has  been  obtained 
largely  from  two  sources:  (1)  mines  in  the  desert  regions 
of  eastern  California  that  are  also  sources  of  lead  and 
silver,  and  (2)  copper-bearing  deposits  of  the  Sierran 
foothill  belt  and  Shasta  Count.y.  Since  the  first  recorded 
production  of  zinc  in  1906,  approximately  half  of  the 
state's  total  output  of  about  190  million  pounds  was 
obtained  during  the  periods  of  relatively  high  prices 
induced  by  World  Wars  I  and  II.  With  less  favorable 
price  conditions,  zinc  production  in  the  state  has 
declined  or  stopped  completely.  In  1954,  California  pro- 
duction was  1,310  short  tons  valued  at  $288,200  com- 
pared to  5,300  short  tons  valued  at  $1,155,400  in  1953. 
The  decrease  is  attributable  to  the  fact  that  the  Darwin 
and  Shoshone  groups  in  Inyo  County  were  idle  for  most 
of  the  year.  The  average  price  of  zinc  in  1954  was  10.68 
cents  per  pound  compared  to  10.85  cents  per  pound  in 
1953. 

Mineralogy.  Sphalerite  (ZnS),  the  only  important 
primary  ore  of  zinc,  is  present  in  nearh'  all  types  of 
sulfide  deposits.  It  is  pale  yellow  to  black  depending  on 
the  amount  of  iron  present.  The  visual  color  is  yellowish 
brown  to  reddish  brown.  It  has  a  very  prominent  cleav- 
age and  a  resinous  luster.  Pure  sphalerite  contains  67.0 
percent  zinc.  Marmatite,  ferriferous  sphalerite  containing 
10  percent  or  more  iron,  is  a  common  zinc  mineral  in  the 
Shasta  copper  belt.  It  is  black  and  connnonly  fine- 
grained and  in  many  places  occurs  as  streaks  and  layers 
giving  the  ore  a  banded  appearance.  Sj^lialerite  com- 
monly oxidizes  to  smithsonite  which  is  relatively  insolu- 
ble, but,  in  the  presence  of  dilute  sulfuric  acid,  sphaler- 
ite is  dissolved  and  may  not  be  redeposited.  Instead,  the 
zinc  may  be  dispersed  in  the  ground  water  as  a  sulfate. 
Many  deposits  have  been  leached  of  their  zinc  content. 
Carbonate  rocks,  however,  act  as  a  precipitant  for 
descending  zinc  solutions  and  in  this  environment  bodies 
of  zinc  carbonate  and  silicate  ordinarily  form  below  oxi- 
dizing lead  deposits.  Smithsonite  (ZnCOa)  is  the  most 
common  of  the  oxidized  zinc  minerals,  but  hemimorphite 
(calamine)  (H2Zn2Si05)  is  also  of  commercial  impor- 
tance. Smithsonite  is  commonly  white  with  a  vitreous 
luster.  It  is  sometimes  blue  or  green  resembling  chryso- 
eolla  but  it  is  heavier  and  harder.  Calamine  can  be 
distinguished  from  smithsonite  by  its  cleavage  which  is 
parallel  to  the  length  of  the  crystals. 

Geologic  Occurrences.  Zinc  and  lead  minerals  ordi- 
narily occur  in  close  association  and  most  of  the  world's 
output  of  zinc  has  been  obtained  from  deposits  similar 
to  those  described  in  the  section  on  lead  in  this  volume. 
Zinc  and  copper  minerals  are  also  commonly  associated 
and  typical  zinc-copper  deposits  are  described  in  the 
copper  section. 

Replacement  deposits  are  the  principal  sources  of  the 
world's  zinc,  but  zinc  mineralization  is  common  also  in 
fissure  veins  and  other  types  of  cavity  fillings.  Deposits 
of  the  world's  greatest  zinc  district  near  Joplin,  Mis- 
souri, represent  selective  hj^drothermal  deposition  in 
Paleozoic  limestone  and  dolomite. 


The  principal  zinc-bearing  deposits  in  California  are 
confined  largely  to  two  metallogenic  provinces.  One  is 
the  copper-zinc  belt  which  extends  from  Fresno  County 
along  the  Sierran  foothills  to  include  districts  in  the 
Klamath  Mountains  of  Shasta  County.  The  other  in- 
cludes the  lead-silver-zinc  districts  of  the  east-central 
portion  of  the  state. 

The  copper-zinc  mines  have  contributed  most  of  the 
state's  total  zinc  production  to  date.  The  principal 
sources  of  zinc  in  Shasta  County  have  been  the 
Afterthought,  Balaklala,  Bully  Hill,  Richmond,  Mam- 
moth and  Rising  Star  mines.  In  the  Sierran  foothills,  the 
most  important  producers  of  zinc  have  been  the  Big 
Bend  mine,  Butte  County;  the  Penn,  Quail  Hill,  and 
Napoleon  mines,  Calaveras  County;  and  the  Blue  Moon 
mine,  Mariposa  County.  The  lead-zinc-silver  mines  de- 
scribed in  the  section  on  lead  in  this  bulletin  were  the 
first  important  producers  of  zinc  in  California.   Since 

1948,  they  have  been  the  leading  producers  and  since 
1954,  the  only  source  of  zinc  in  California.  The  Cerro 
Gordo  mine  east  of  Lone  Pine  was  a  significant  source 
of  zinc  from  1911  to  1916.  The  zinc  ore,  consisting  essen- 
tially of  the  carbonate,  smithsonite,  was  mined  largely 
after  the  depletion  of  the  known  reserves  of  the  lead- 
silver  ore.  On  the  400  foot  level  of  this  mine,  a  pipe  of 
carbonate  ore  5  feet  in  diameter  and  150  feet  long  aver- 
aged more  than  40  percent  zinc.  The  zinc  ore  shipped  from 
the  Cerro  Gordo  mine  prior  to  January  1, 1913,  amounted 
to  10,000  tons  which  averaged  35  percent  zinc.  The  total 
production  figures,  however,  are  not  available.  There  has 
been  no  production  recorded  from  this  mine  since  1916. 

Since  1948,  the  Darwin  and  Shoshone  group  of  mines 
in  the  Coso  and  Tecopa  districts  of  Inyo  County  have 
been  the  principal  producers  of  zinc  in  California.  In 
these  districts,  zinc  is  a  by-product  of  lead-silver  ores 
which  contain  small  amounts  of  sphalerite  and  smith- 
sonite. The  ore  bodies  in  the  Coso  district  occur  as 
replacements  of  silicated  limestone  rocks,  as  bedded  re- 
placements, or  as  fissure  fillings   (Davis  and  Peterson, 

1949,  p.  137).  The  mill  heads  average  approximately  7.5 
percent  lead,  7.5  percent  zinc  and  5  ounces  of  silver  per 
ton.  The  ore  bodies  of  the  Coso  and  Cerro  Gordo  districts 
were  formed  in  Paleozoic  rocks  and  their  geological 
features  are  summarized  in  the  section  on  lead  in  this 
bulletin.  The  ore  bodies  in  the  Tecopa  district  are  re- 
placements and  fissure  fillings  in  a  fault  zone  in  dolo- 
mite. Lead-zinc  mineralization  has  also  taken  place  in 
the  Resting  Springs,  Trona,  Panamint,  Ubehebe  and 
Wildrose  districts  of  Inyo  County. 

Some  zinc  ore  has  also  been  shipped  from  the  Carbon- 
ate King  and  Mohawk  mines  in  the  Clark  Mountain  dis- 
trict, San  Bernardino  County.  In  July  and  August  1950, 
110  tons  of  ore  assaying  40  percent  zinc  were  shipped 
from  the  Carbonate  King  mine  to  Tooele,  Utah.  The  op- 
erators of  the  Mohawk  mine  reported  that  640  tons^of 
ore  shipped  to  Selby  between  May  and  December  1951, 
averaged  8  to  10  percent  lead,  3  percent  zinc,  and  7  to 
8  ounces  of  silver  per  ton  (Wright  et  al.,  1953,  pp.  106, 
111).  In  this  area,  as  in  Inyo  County,  most  of  the  lead- 
silver-zine  deposits  occur  along  fractures  in  limestone. 
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MINES 
No.      Name 

1.  Big  Bend 

2.  Napoleon 

3.  Penn 

4.  Quail  Hill 

6.  Cerro  Gordo 

6.  Dorwin 

7.  Black  Jack 

8.  Quarry 

9.  Blue  Moon 

10.  Carbonate  King 

1 1.  Mohowk 

12.  Afterthought 

13.  Bolakalalo 

14.  Bully  Hill 

15.  Mammoth 

16.  Richmond  (Iron  Mountain) 


FiouBE  1,     Map  showing  location  of  mines  which  have  been  the  principal  zinc  producers  in  California. 
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FiGTUF,  i:.     AIi.hIh.u.uIil  miiie  ui'  tlie  Coronado  Copper  and  Zinc 
Company^ — flotation  plant  and  mine  shops.  November  1948. 

Small  amounts  of  zinc  have  also  been  shipped  from  the 
Silverado  district  of  Orange  County,  the  Mineral  King 
district  of  Tulare  County,  and  Santa  Catalina  Island, 
Los  Angeles  County.  In  the  Silverado  district,  veins  con- 
taining silver-bearing  galena,  sphalerite,  and  pyrite  have 
formed  in  metamorphie  rocks.  The  deposits  in  the  Min- 
eral King  district  contain  chalcopyrite,  pyrrhotite,  py- 
rite, arsenopyrite,  sphalerite  and  galena,  and  occur  along 
contacts  between  limestone  and  slate  or  granite. 

History.  Although  sphalerite  and  smithsonite  had 
been  noted  in  the  lead  mines  of  Inyo  County  and  Santa 
Catalina  Island  as  early  as  1884,  the  first  production  of 
zinc  in  California  veas  not  recorded  until  1906.  In  that 
year,  206,000  pounds  of  zinc  valued  at  $12,566  was  pro- 
duced but  it  was  tabulated  as  unapportioned.  In  1907, 
large  bodies  of  smithsonite  were  found  in  the  footwall 
of  the  old  lead  stopes  in  the  Cerro  Gordo  mine  in  Inyo 
County  and  144,213  pounds  of  zinc  valued  at  $8,598 


CARBONATE    KING 


Adopted  Irom    U  S  GeoloqiCol  Survey 5400 


Figure  3.  Geologic  section  through  the  Carbonate  King  zinc 
mine,  Koko  Weef  Mountains,  San  Bernardino  County.  Reprinted 
from  California  Journal  of  Mines  and  Geology,  vol.  Ji9,  no.  1. 


were  shipped  from  the  county  in  that  year.  A  production 
of  33,546  pounds  of  zinc  from  Orange  County  was  also 
reported  in  1907. 

A  relatively  large  amount  of  zinc  carbonate  ore  had 
been  shipped  from  Inyo  County  before  zinc  was  re- 
covered from  the  sphalerite  that  is  associated  with  the 
copper  ores  in  Shasta  County.  Zinc,  although  long  rec- 
ognized as  a  prominent  constituent  of  numerous  copper 
deposits  in  Shasta  County,  was  a  detrimental  material 
in  the  smelting  of  copper  ores.  Ore  bodies  rich  in  zinc 
were  left  unmined  prior  to  1915.  In  that  year,  the  Gen- 
eral Electric  Company  built  a  small  experimental  elec- 
trolytic zinc  plant  at  Winthrop  and  recovered  300  to 
400  pounds  of  zinc  per  day.  In  1917  and  1918,  electro- 
lytic zinc  was  produced  from  smelter  fumes  by  the 
Mammoth  Copper  Company  at  Kennett.  In  1918,  elec- 
trolytic zinc  was  produced  at  Winthrop  from  raw  ores 
mined  at  the  Afterthought  and  Bully  Hill  mines.  When 
the  average  price  of  zinc  declined  from  14.2  cents  per 
pound  in  1915  to  7.3  cents  per  pound  in  1919,  the 
electrolytic  plants  were  closed  down. 
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Figure  4. 


Chart  showing  production  of  zinc  in  California  and 
the  price  of  zinc  in  the  United  States. 


In  1917,  the  Bully  Hill  Mining  Company  built  a  150- 
ton  flotation  plant  at  Winthrop  but  it  was  unsuccessful, 
as  was  a  300-ton  flotation  plant  built  by  the  After- 
thought Mining  Company  at  Ingot  in  1918.  Copper  con- 
centrates at  the  Ingot  plant  carried  12  percent  zinc  and 
the '  zinc  concentrate  carried  2.6  percent  copper.  At 
Bully  Hill,  the  Shasta  Zinc  Company  built  a  reverbera- 
tory  furnace  and  a  zinc  oxide  plant  which  was  operated 
from  June  to  December  1922,  when ,  it  was  shut  down 
because  of  a  drop  in  the  price  of  zinc  oxide. 

In  1924,  when  the  California  Zinc  Company  took  over 
the  operation  of  the  Afterthought  and  Bully  Hill  mines, 
the  smelting  operation  and  the  production  of  zinc  oxide 
were  discontinued.  The  flotation  plant  was  remodeled 
and  a  bulk  concentrate  containing  43  to  49  percent  zinc, 
about  4  percent  copper,  7  to  11  percent  iron,  1.3  to  1.7 
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Figure  5.     Typical  flow  sheet  of  a  horizontal  retort  zinc  smelter. 

percent  lead  and  2.3  percent  silica  was  obtained  (Logan, 
1926,  p.  376).  This  concentrate  was  shipped  to  Belgium 
for  treatment. 

In  December  1925,  a  flotation  plant  was  put  into  op- 
eration at  White's  Landing  on  Santa  Catalina  Island, 
Ijos  Angeles  County,  to  treat  the  lead-zinc  ores  mined 
at  the  nearby  Black  Jack  and  Quarry  mines.  A  novel 
feature  at  this  plant  was  the  use  of  salt  water  pumped 
from  the  ocean  (Tucker,  1927,  p.  38).  The  ore,  which 
occurred  in  veins  within  hornblende  schist,  contained 
from  7.2  to  8.7  percent  zinc,  1.5  percent  lead,  and  3.5 
ounces  of  silver  per  ton.  The  zinc  concentrates  contained 
45  percent  zinc,  3.2  percent  lead,  and  11.5  ounces  of  sil- 
ver per  ton,  and  the  lead  concentrate  contained  55  per- 
cent lead,  8  percent  zinc,  and  93  ounces  of  silver  per 
ton.  Mill  tailing  contained  2  percent  zinc,  0.2  percent 
lead,  and  0.9  ounce  of  silver  per  ton.  The  zinc  concen- 
trate was  shipped  to  Belgium  and  the  lead  concentrate 
to  Selby,  California. 

The  price  of  zinc  dropped  from  7.337  cents  per  pound 
in  1926  to  6.242  cents  per  pound  in  1927,  and  the  ship- 
ment of  zinc  concentrate  to  Belgium  was  no  longer  profit- 
able. The  zinc-copper  mines  of  Shasta  County  closed  in 
August  1927,  and  the  Santa  Catalina  properties  closed 
early  in  1928.  Except  for  flotation  concentrate,  made  as 
a  by-product  from  the  gold  ore  treated  at  the  Spanish 
mine  in  Nevada  County  in  1931,  California's  production 


of  zinc  from  1928  to  1943  came  from  the  carbonate  ores 
of  Inyo,  Orange,  and  San  Bernardino  Counties. 

The  federal  government 's  plan  for  the  use  of  premium 
paj'ments  to  increase  the  output  of  strategic  minerals 
went  into  effect  in  1942.  Loans  were  made  available  to 
develop  and  mine  deposits  of  needed  minerals.  The 
number  of  California  zinc  producers  increased  from  four 
in  1942  to  ten  in  1943,  and  by  1945,  selective  flotation 
plants  with  a  combined  capacity  of  800  tons  per  day 
were  concentrating  ores  from  the  Big  Bend  mine  in 
Butte  County,  the  Penn  mine  in  Calaveras  County,  the 
Richmond  mine  in  Shasta  County,  and  the  Blue  Moon 
mine  in  Mariposa  County  (Bramel,  1948,  p.  163).  Zinc 
production  rose  from  16,390  pounds  in  1939  to  19,340,732 
pounds  in  1945  and  came  from  12  mines  in  eight 
counties.  The  production  was  far  in  excess  of  the  devel- 
opment of  reserves  however,  and  by  the  end  of  1945, 
both  the  Big  Bend  and  Blue  Moon  mines  were  shut 
down.  The  flotation  plant  at  the  Richmond  mine  oper- 
ated until  June  30,  1947,  when  the  premium  payments 
were  stopped  and  the  developed  ore  was  exhausted.  Zinc 
production  dropped  to  5,325  short  tons  in  1948  but 
increased  to  7,209  tons  in  1949  because  of  concentrates 
produced  at  the  new  flotation  plant  built  by  the  Coro- 
nado  Copper  and  Zinc  Company  at  the  Afterthought 
mine  in  Shasta  County.  This  operation  was  closed  in 
July  1949  when  the  price  of  zinc,  copper,  and  lead, 
declined,  but  it  was  resumed  a  year  later  and  continued 
until  August  1952.  The  production  of  zinc  in  California 
has  exceeded  a  million  pounds  each  year  since  1942.  In 
1954,  zinc  production  was  estimated  at  2,620,000  pounds 
valued  at  $288,200. 

Mining  and  Concentrating  Processes.  All  of  the  Cali- 
fornia zinc  deposits  are  mined  by  underground  methods. 
Some  of  the  carbonate  ores  of  Inyo,  Orange  and  San  Ber- 
nardino Counties  were  rich  enough  to  ship  to  smelters 
without  milling.  All  of  the  sulfide  ores,  however,  contain 
pyrite,  and  the  zinc  minerals  are  so  intimately  associated 
with  either  chalcopyrite  or  galena  that  they  require 
costly  fine  gritiding  before  they  can  be  separated.  A 
lead-copper  and  a  zinc  concentrate  are  obtained  by  selec- 
tive flotation.  A  description  of  mining  methods  and  the 
selective  flotation  process  is  included  in  the  chapter  on. 
copper. 

Metallurgy.  Elemental  zinc  is  removed  from  its  oreS' 
by  two  common  processes:  (1)  the  retort  or  distillation 
process,  and  (2)  the  electrolytic  process.  The  distillation 
process  is  the  most  widely  used.  It  was  the  only  commer- 
cial method  known  and  in  use  until  1915  when  the  elec- 
trolytic process  was  developed  and  put  on  a  commercial 
basis.  In  preparation  for  either  process,  the  ore  or  con- 
centrate must  be  roasted  to  remove  the  sulfur  and  to 
produce  a  zinc  oxide  called  calcine.  Roasting  is  commonly 
done  in  a  circular  multiple-hearth  roaster  of  the  Mc- 
Dougall  type  in  which  the  concentrate  is  fed  in  at  the 
top  and  falls  from  hearth  to  hearth  through  the  liot 
ascending  gases.  The  furnace  is  commonly  fired  with 
natural  gas  but  fuel  oil  or  powdered  coal  is  sometimes 
used.  Concentrates  carry  enough  sulfur  to  support  com- 
bustion once  started.  In  the  recently  developed  fiuosolid 
process,  roasting  is  done  in  a  brick-lined  roaster  having 
a  perforated  bottom  through  which  air  is  blown  to  keep 
the  material  in  suspension.   The  burning  concentrates 
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boil  and  churn  like  a  fluid  and  the  temperature  and 
oxidation  can  be  closely  controlled  by  rej^ulating  the 
feed  and  the  air  pressure. 

Calcines  to  be  treated  by  the  distilling  process  are 
usually  sintered  to  reduce  their  sulfur  content  further 
for  it  is  estimated  that  each  unit  of  svilfur  left  in  the 
calcine  will  hold  back  two  units  of  zinc  from  distilling. 
Sintering  consists  of  burning  the  calcines  to  incipient 
fusion  by  passing  hot  air  through  the  bed  of  calcines 
as  it  is  drawn  through  a  furnace  on  a  series  of  metal 
pans.  The  sulfur  content  can  be  reduced  to  as  low  as 
0.25  percent  by  sintering.  Flue  dust  carried  by  the  gases 
from  the  roasting  and  sintering  processes  is  collected  in 
dust  chambers,  cyclone  separators,  and  Cottrell  precipi- 
tators. The  sulfur  compounds  produced  in  the  roasting 
and  sintering  processes  are  used  for  the  production  of 
sulfuric  acid. 

The  horizontal  distillation  process  was  the  only  proc- 
ess used  until  1925  when  the  continuous  vertical-retort 
process  was  developed  commercially.  For  either  the  hori- 
zontal or  vertical-retort  process,  the  calcine  or  sinter  is 
ground  and  mixed  with  40  to  60  percent  of  powdered 
coal.  In  the  horizontal-retort  process,  this  mixture  is 
charged  into  clay  retorts  about  8  inches  in  diameter  and 
up  to  6  feet  in  length.  Fire-clay  condensers  are  fastened 
to  the  ends  of  the  retorts  and  metal  extensions  called 
prolongs  are  fitted  to  the  ends  of  the  condensers.  Double 
banks  of  these  retorts  are  placed  in  a  combustion  cham- 
ber and  externally  heated  with  natural  gas,  producer 
gas,  oil  or  pulverized  coal.  The  furnace  cycle  usually 
takes  24  hours  of  which  18  to  20  hours  are  for  the  actual 
distillation.  Liquid  zinc  is  collected  in  the  condensers 
and  amounts  to  about  90  percent  of  the  metal  charged. 
Additional  zinc  is  recovered  as  zinc  oxide  and  flue  dust. 

In  the  continuous  vertical-retort  process,  the  sintered 
™  calcines  are  ground  and  mixed  with  coking  coal  and  a 
small  amount  of  an  organic  binder  and  briquetted.  The 
briqiiettes  are  dried  and  charged  into  the  top  of  vertical 
muffle  furnaces.  Heat  is  applied  to  the  sides  of  the  fur- 
nace and  metallic  zinc  vapor  and  other  gases  are  taken 
■^f  off  near  the  top  of  the  furnace.  The  zinc  vapor  is  con- 
densed and  cast  into  slabs  and  called  spelter.  Cadmium 
and  lead  are  condensed  with  the  spelter.  Zinc  is  refined 
and  separated  from  lead,  cadmium  and  other  metals  by 
.successive  stages  of  distillation  and  condensation.  In  the 
New  Jersey  refining  process,  spelter  is  melted  in  a  pot 
at  the  bottom  of  what  is  called  the  "lead  column."  The 
molten  zinc  flows  downward  over  a  series  of  trays  coun- 
ter to  an  ascending  column  of  metallic  vapors.  The  zinc 
vapor  is  condensed  at  the  top  of  the  lead  column  and 
flows  into  the  "cadmium  column."  Cadmium  is  con- 
densed as  a  dust  or  as  a  cadmium-zinc  alloy  at  the  top 
of  the  "cadmium  column."  Refined  zinc  is  drawn  off 
beneath  the  cadmium  and  lead,  and  zinc-iron  dross  set- 
tles by  gravity  to  the  bottom  of  the  pot.  A  metal  con- 
taining 99.99  percent  zinc  can  be  obtained  by  this 
method. 

Much  zinc  is  now  recovered  in  fuming  plants  treating 
old  lead  blast-furnace  slags  containing  zinc.  A  mixture 
of  molten  and  solid  slag  is  fed  into  the  top  of  a  furnace 
and  a  blast  of  pulverized  coal  and  air  is  blown  through 
the  molten  mass  from  the  bottom.  The  zinc  is  volatilized 
and  recovered  as  zinc  oxide  in  flue  chambers  and  bag- 


Sintered 

calcine 

Cokina  cool 

Organic  binder  - 
Woste  heat    recovery 

— i 

MIXER 

BRIQUETT 

i 
DRYER 

-COKING  CO 

REDUCTION  F 

Residue 

NG 

t 

Producer 
Carbon  n 

L 

URNACE >■  Carbon   dioxide 

Vopor 
CONDENSER 

i 

CASTING 

i 
Slob   Zinc 

lonoxide 

— < 

FiGtTiE  6.     Flow  sheet  of  fuel-fired  vertical  retort  zinc  smelter. 


houses.  The  zinc  oxide  must  be  treated  furtlier  by  the 
electrolytic  process  or  by  deleading  in  a  rotary  kiln. 

In  the  electrolytic  process,  the  zinc  calcine  is  leached 
with  dilute  sulfuric  acid  and  the  contained  metals  are 
put  into  solution  as  sulfates.  The  solution  is  neutralized 
with  powdered  limestone  and  manganese  dioxide  is 
added.  Iron  is  precipitated  and  filtered  out.  Gypsum  is 
a  byproduct.  The  filtrate  is  agitated  with  zinc  dust  in 
a  pachuca  tank  and  any  antimony,  alumina,  copper, 
nickel,  cadmium,  or  germanium  present  is  precipitated 
and  filtered  out.  The  purified  zinc  sulfate  solution  is  fed 
into  lead-lined  tanks  in  which  lead  anodes  and  aluminum 
cathodes  are  suspended.  The  direct  current  applied 
varies  from  30  to  100  amperes  per  square  foot  of  the 
aluminum  cathode  surface  on  which  the  zinc  is  deposited. 
The  zinc  is  stripped  from  the  cathodes  when  it  is  about 
•%g-inch  thick  and  is  melted  and  east  into  slabs. 
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The  chemical  reactions  involved  in  the  roasting,  leach- 
ing and  electrolysis  of  zinc  are  as  follows : 

Roasting :  255nS  +  30j  =  2ZnO  +  2SO2 

2ZnO  +  2SO2  +  02  =  2ZnS0. 
Leaching :  ZnO  +  H2SO1  =  ZnSOi  +  H2O 
Electrolysis :  ZnSOi  +  H>0  +  direct  current  =  Zn  +  HsSOi 
+  0 

In  1951,  38  percent  of  the  primary  slab  zinc  produced 
in  the  United  States  was  produced  by  the  electrolytic 
method  and  62  percent  by  distillation  methods. 

Zinc  smelters  purchasing  California  zinc  ores  or  con- 
centrates include  the  Anaconda  Company  smelters  at 
Anaconda  and  Great  Falls,  Montana,  the  International 

Grades  of  slab  zinc. 


Supply  and  demand  of  tons  of  slah  zinc  in  the  United  States. 

(From  Engineering  and  Mining  Journal  vol.  156,  no.  2, 
p.  88,  Feh.  1955.) 


Maximum  percent  allowed 

Grade 

Lead 

Iron 

Cadmium 

Total 
Pb,  Fe,  Cd 

Minimum 
percent 
of  zinc 

Special  high  grade 

High  grade      - 

0.006 
.070 
.200 
.600 
.800 

1.600 

0.005 
.020 
.030 
.030 
.040 
.080 

0.004 
.070 
.500 
.500 
.750 

0.010 

.100 

.500 

1.000 

1.250 

99.99 
99.9 

Intermediate 

Brass  special 

99.5 
99.0 
98.75 

Prime  western 

98.32 

SUPPLY 

U.  S.  primary  and   secondary  prO' 

duction 

Imports 

Less  exports 

Less  government  account 

Available  for  consumption 

CONSUMPTION 

Galvanizing 

Die  casting  and  zinc-base  alloys 

Brass  products 

Rolled  zinc 

Oxide  plants  and  other 

SURPLUS 


971,000 
227,000 


1,198,000 
18,000 
42,000 


1,138,000 


407,000 

307,000 

178,000 

55,000 

39,000 


986,000 
152,000 


1954 

(Last  2 

months 

estimated) 


865,000 
160,000 


1,025,000 
24,000 
110,000 


891,000 


400,000 

275,000 

102,000 

46,000 

37,000 


860,000 
31,000 


Change 


I 


— 1 . 7  percent 
— 10.4  percent 
— 42.7  percent 
— 16.4  percent 

— 5.4  percent 

— 12.8  percent 


Smelting  and  Eefining  Company  smelter  at  Tooele, 
Utah,  and  the  United  States  Smelting,  Refining  and 
Mining  Company  smelter  at  Midvale,  Utah. 


The  effects  of  impurities  on  the  operation  of  smelters 
or  electrolytic  plants  require  smelter  operators  to  be 
selective  in  purchasing  materials  for  treatment.  A  pros- 
pective shipper  usually  is  required  to  submit  a  represen-4 
tative  sample  for  analysis,  and  the  material  must  be 
judged  acceptable  before  the  ore  is  shipped. 

Slab  zinc  is  now  produced  in  six  standard  grades} 
listed  in  the  accompanying  table. 


The  flow  of  zinc  from  mine  to  market. 
(From  the  American  Zinc  Institute,  Inc.) 


ZINC 
lORE 


►Slab  zinc  - 


; 


Zinc  oxide    

(French  process) 


Zinc  oxide    ^ 

{American  process) 


i  Adhesive  tape,  analytical  reagents,  artists'  colors, 
cosmetics,  pharmaceuticals,  printing  ink,  soap, 
tailor's  chalk. 


Chemicals,  dental  cement,  enamels,  floor  tiling, 
glass,  glazes,  glues,  matches,  paints,  pottery,  pack- 
ing and  gaskets,  rubber  goods,  tires  and  tubes. 


Abrasives,  agricultural  sprays,  golf  ball  covers, 
paints,  pigmented  plastics,  printing  rolls,  soil  im- 
provement, solid  tires,  window  shade  cloth. 


►Lithopone 


►Zinc  sulfide  - 


Boxboard  linings,  leather  finishes,  linoleum,  paint 
pigments,  paper  bond,  catalog,  tissues  and  bread 
wrap,  wallpaper,  rubber  products,  shoe  polish. 


I    Buttons,   oil   cloth,   paints,    paper,   rubber  goods, 
->-l    waxes,  wire  insulation. 


I    Chemicals,    coal    tar    products,    electrolytes,    ex- 
►•Sulfuric  acid    — V     plosives,  fertiUzer,  lithopone,  manufacturing  other 
acids,  oil  refining,  pyroxylin  soap,  steel  pickhng, 
I    tanning,  textiles. 


►Limestone 


►Metals  - 


r Ballast,  blast  furnace  flux,  concrete  fertilizer,  mine 
fill. 


►Brass  making 


►Galvanizing 


►Rolled  zinc 


►Zinc  die  

casting  alloys 


►Zinc  dust 


,  road  materials,  soil  treatment. 


►Miscellaneous 


Ammunition,  bearings,  castings  and  forgings,  elec- 
trical fixtures,  hardware,  pipe,  sheets,  rods,  tubes, 
wire. 


Bolts,  chains,  fencing,  hardware,  machinery,  nuts, 
pipe  and  tubing,  screws,  shapes,  sheets,  tanks, 
transmission  towers,  wire,  wire  cloth. 


Addressing  machine  plates,  automobile  trim,  boiler" 
plates,  dry  battery  cups,  engraving  plates,  eyelets, 
gaskets,  glazier  points,  grommets,  gutters,  hull 
plates,  lithographers'  sheets,  jar  tops,  kalamein 
moldings,  organ  pipes,  radio  parts,  roofing  sheets, 
terrazzo  strip,  weather  strip. 


Automobile  parts,  cameras,  electrical  equipment, 
hardware,  household  appliances,  lighting  fixtures, 
typewriters  and  office  machines,  telephones,  slide 
fasteners,  toys,  novelties. 


Aniline  dyes,  fireworks,  gold  and  silver  refining, 
paint  pigments,  sherardizing,  sugar  refining,  textile 
printing. 


Castings,    commercial   alloys,    nickel   silver,    man'^ 
ganese    bronze,    wet    battery    elements,    bronzic 
powders,  desilverization  of  lead,  wire  for  metalliz 
ing. 


-^I    Cadmium,  copper,  gold,  lead,  silver. 


Zinc — 0  'Brien 
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Figure  8.     Open  pit  ciii  ilir  I'.riik  Plat  ore  liody  of  the  Mountain  Copper  Company  of 

California,  Shasta  County. 


Figure  9.     Diamond  drill  used  to  prospect  tlie  Brick  Flat  ore  body  at  Iron  Mountain. 
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Utilization.  Zinc  ranks  fourth  in  tonnage  produced 
among  the  metals  in  the  United  States,  being  surpassed 
only  by  steel,  copper,  and  lead.  It  is  used  in  an  extremely 
wide  range  of  military  and  essential  civilian  products. 
During  World  War  II  the  manufacture  of  brass  prod- 
ucts accounted  for  about  50  percent  of  the  consumption 
of  zinc.  Galvanizing  was  the  principal  use  of  zinc  both 
before  and  after  World  War  II.  The  most  impressive 
change  in  slab-zinc  consumption  has  been  the  great  in- 
crease in  the  use  of  zinc  for  die  castings.  A  summary  of 
the  United  States  slab-zinc  supply  and  consumption  for 
1954  is  given  in  the  accompanying  table. 
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ZIRCONIUM  AND  HAFNIUM 


By  Melvin  C.  Stinson 


Zirconium  and  hafnium  occur  together  in  nature.  The 
iMimmereial  source  minerals,  zircon  and  baddeleyite,  are 
obtained  from  beach  sands  and  river  gravels  in  the 
1  'iiited  States,  Australia,  Brazil,  French  West  Africa, 
,itid  India. 

Zircon  is  locallj'  abundant  in  the  blank  sands  and  gold 
j)lacers  of  California,  especially  in  the  Mother  Lode  re- 
gion, but  the  only  recorded  production  of  zircon  in  Cali- 
fornia was  from  a  dragline  dredge  near  Lincoln,  Placer 
County,  in  1937. 

Zirconia  (zircon  oxide)  and  zirconium  compounds  that 
are  made  directly  from  zircon  and  baddeleyite  are  the 
principal  end  products  derived  from  zirconium-hafnium 
ores.  Zircon  is  used  in  refractories  and  foundry  sands. 
Stabilized  zirconium  oxide  is  used  to  insulate  high- 
frequency  induction  furnaces  and  to  line  jet  engines. 
Zirconium  metal  is  used  in  nuclear  reactors,  in  steel  al- 
loys, and  in  surgery.  Hafnium  is  also  used  in  nuclear 
reactors. 

Mineralogy  and  Geologic  Occurrence.  The  earth's 
cru.st  contains  approximately  0.03  percent  zirconium  and 
0.004  percent  hafnium.  Hafnium  has  been  found  only 
in  zirconium-bearing  minerals.  Of  these,  only  zircon  and 
baddeleyite  are  abundant  enough  to  be  of  commercial 
interest. 

Zircon  (zirconium  silicate),  the  most  widely  distrib- 
uted and  most  abundant  zirconium  mineral,  is  a  common 
constituent  of  many  igneous  and  metamorphic  rocks  and 
of  sands  resulting  from  the  disintegration  of  these  rocks. 
IMany  sedimentary  rocks  contain  zircon  because  the  min- 
eral is  hard  and  chemically  resistant  to  weathering. 
Zircon  has  a  hardness  of  7.5,  a  specific  gravity  of  4.2  to 
4.86,  a  conchoidal  fracture,  an  adamantine  luster,  and 
grades  from  colorless  to  pale  yellow,  to  brownish-yellow, 
to  grayish-green  or  reddish -brown.  In  ultraviolet  light, 
most  specimens  of  zircon  fluoresce  a  brilliant  orange,  red, 
or  yellow,  a  phenomenon  which  has  been  attributed  to 
the  presence  of  hafnium  or  uranium  in  the  mineral. 

Baddeleyite  (zirconium  dioxide),  much  less  widelj' 
distributed  than  zircon,  occurs  in  igneous  rocks  that  are 
deficient  in  silica,  and  in  sedimentary  rocks  derived  from 
them.  It  grades  from  colorless  to  yellow,  to  brown,  to 
black.  Baddeleyite  has  a  hardness  of  6.5,  a  specific  grav- 
ity of  5.5  to  6.0,  a  conchoidal  to  uneven  fracture,  and  a 
greasy  to  vitreous  luster. 

The  zirconium-hafnium  content  of  igneous  and  meta- 
morphic rocks  rarely  exceeds  0.06  percent.  These  elements 
are  not  known  to  be  concentrated  in  veins,  but  the  high 
specific  gravity  of  zirconium  minerals  leads  to  their  con- 
centration in  placer  deposits.  As  the  expense  of  removing 
z'rconium-  and  hafnium-bearing  minerals  from  hard 
rocks  is  much  greater  than  from  placer  deposits,  and  as 
placer  deposits  commonly  are  richer  in  such  minerals, 
the  commercial  production  of  zirconium  and  hafnium 
has  been  obtained  only  from  sands. 

Nearly  all  of  the  zirconium  used  in  American  indus- 
try is  obtained  from  three  extensive  placer  deposits,  one 
each  in  Florida,  Australia,  and  Brazil.  The  deposits  in 
Florida  and  Australia  consist  of  Recent  sea-coast  sands 
from  which  zircon  and  other  heavv  minerals  such  as 


rutile,  monazite,  and  ilmenite  are  readily  separated.  The 
Brazilian  deposits  contain  a  variety  of  baddeleyite 
known  as  "brazilite,"  and  brazilite-zircon,  a  mixture 
which  is  marketed  as  "zirkite. "  The  deposits  occur  in 
the  Plateau  of  Pocos  de  Caldas  in  the  southwestern  part 
of  the  Minas  Gerais.  Although  in  the  past,  large  ton- 
nages of  baddeleyite  have  been  imported  from  Brazil, 
at  present,  this  is  a  much  less  important  source  than 
Florida.  Zircon  has  '?een  produced  during  monazite 
dredging  in  Idaho  but  has  not  been  marketed  because 
of  unfavorable  freight  rates  and  a  lack  of  western 
markets. 

Occurrences  of  zircon  have  been  noted  in  many  placer 
gold  deposits  in  California,  but  only  one  has  yielded 
zircon  on  a  commercial  basis.  This  zircon  was  recovered 
in  a  dragline  gold  dredging  operation  in  1937  near  Lin- 
coln in  Placer  County.  The  concentration  of  zircon  in 
California  sands  is  generally  too  low  to  permit  the  com- 
mercial recovery  of  this  mineral  at  the  current  prices 
and  with  the  limited  western  market. 

A  detailed  study  of  the  minerals  found  in  black  sands 
(Day  and  Richards,  1906,  pp.  1175-1258)  included  placer 
depo.sits  in  most  of  the  western  states  including  Califor- 
nia. This  study  provided  the  data  on  zircon  concentra- 
tions in  California  placer  deposits,  as  reproduced  in 
table  1. 

Table  2  shows  the  approximate  amount  of  zircon  found 
by  the  IT.  S.  Bureau  of  Reclamation  in  stream-bed  sands 
of  some  of  the  San  Joaquin  Valley  rivers  and  creeks. 

Utilization.  Zircon  consumption  in  the  United  States 
in  1953  was  estimated  at  45,000  tons.  In  1953  the  dis- 
tribution by  uses  was  as  follows :  refractories,  28  per- 
cent ;  foundry  facings,  foundry  sand,  and  blasting  grain, 
27  percent;  pottery,  porcelains,  enamels,  and  glazes,  20 
percent;  metal  and  alloys,  12  percent;  chemicals  and 
salts,  6  percent ;  glass,  2  percent ;  miscellaneous,  5  per- 
cent (Griffitli,  1953,  p.  4). 

Zircon  is  used  extensively  in  manufacturing  refrac- 
tory materials  because  of  its  high  melting  and  softening 
points,  good  thermal  conductivity,  low  thermal  expan- 
sion, good  abrasion  resistance,  and  high  resistance  to 
certain  molten  metals,  corrosive  chemicals,  slags,  and 
glasses.  In  the  aluminum  industry,  zircon  bricks  are 
used  in  constructing  reverberatory  or  open-hearth  fur- 
naces because  zircon  shows  non-wetting  characteristics 
toward  the  molten  metal.  The  high  specific  gravity  of 
zircon  is  advantageous  in  that  it  prevents  broken  pieces 
of  refractory  from  floating  in  the  metal  and  appearing 
as  defects  in  the  casting.  Zircon  discharge  spouts  for 
smelters  also  have  proved  very  satisfactory. 

Zircon  crucibles  are  used  in  melting  platinum,  plati- 
num alloys,  and  palladium.  Zircon  sand,  flour,  and 
washes  have  had  wide  visage  in  steel,  iron,  bronze,  alumi- 
num, and  magnesium  foundries.  The  high  refractoriness 
and  slight  chilling  effect  make  zircon  highly  effective  in 
combating  "burning  in."  The  chilling  effect  of  zircon 
is  caused  largely  by  a  higher  thermal  conductivity  than 
that  of  silica  sand.  The  low  and  uniform  expansion  of 
zircon  when  compared  with  silica  decreases  the  cracking 
of   cores    and   molds    during   the    baking    and    pouring 
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Table  1.     Concentration  of  zircon  in  black  sand  samples  from  placer  deposits  in  California  (modified  after  Day  and  Richards). 


Locality 


Zircon 

(lbs.  per 

ton  of 

black 

sand) 


Remarks 


Locality 


Zircon 
(lbs.  per 
ton  of 
black 
sand) 


Remarks 


Butte  County 

Nimshew 

Oroville 

Oro\'ille 

Sterling  City 

Sterling  City 

Cherokee 

Cherokee  — - 

Cherokee 

Little  Rock  Creek. 
Brush  Creek 

Calaveras  County 

Douglas  Flat 

Wallace 

Del  Norte  County 

Crescent  City 

Crescent  City 

Gilbert  Creek 

Gilbert  Creek 

Smith  River 

EI  Dorado  County 
Brownsville  district 

Placerville 

Grizzly  Flats 

Humboldt  County 

Gold  Bluff 

Gold  Bluff 

Gold  Bluff 

Gold  Bluff ..-. 

Gold  Bluff 

Gold  Bluff 

Gold  Bluff 

Gold  Bluff 

Gold  Bluff 

Upper  Gold  Bluff.. 

Orleans 

Trinidad 

lx)s  Angeles  County 
Ocean  Park 

Mendocino  County 

Fort  Bragg 

Fort  Bragg 

Nevada  County 
Rough  and  Ready. 
Rough  and  Ready  _ 
Nevada  City 


1 

48 

4 

22 

52 

20 

372 

230 

184 

20 


64 
128 


44 
20 
1 
19 
18 


80 


176 
16 


17 

17 

3 

2 

6 

16 

6 

10 

14 

12 

4 

80 


34 
5 


14 
50 

928 


Black  sand  from  dredge  clean-up 

Concentration  not  known 

Black  sand  from  sluice  box 

Old  tailing  dump  (fine  sand),  panning 

Pannings  from  old  dump 

Very  plentiful;  ground  sluicing 

4  lbs.  black  sand  per  cu.  yd.  of  gravel 


Concentrated  from  60  tons  to  100  lbs. 
Concentration  not  known 


Natural  sand,  not  concentrated 
Natural  sand,  not  concentrated 
Natural  sand,  not  concentrated 
Heavy  tailings  from  sluice  box 
Heavy  tailings  after  gold  removed  by 
sluicing. 


1  lb.  of  black  sand  from  7  cu.  yds. 
gravel 

1   lb.   of   black   sand   per   ton  gravel: 

sluicing 


Selected  streak  of  beach  sands 

Tailings  from  above 

Ordinary  beach  sand 

Beach  sand 

Beach  sand 

Beach  sand 

Beach  sand 

Beach  sand 

Concentrated  by  panning  beach  sand 

Beach  sand  concentrates 

Heavy  sand  in  sluice  boxes 

Beach  sand,  3  feet  below  surface 


Beach  sand 


Not  concentrated 
Not  concentrated 


Concentration  not  known 

Heavy  sand  from  hydraulic  clean-up 

Old  river  channel 


Placer  County 

North  Fork  American  River 

Gold  Run 

Gold  Run 

Plumas  County 

Spanish  Ranch 

Rock  Island  Hill 

Riverside  County 

Holcomb 

Sacramento  County 

Michigan  Bar 

San  Luis  Obispo  County 

Beach  sand 

San  Francisco  County 

Beach  sand 

San  Mateo  County 

Beach  sand 

Santa  Barbara  County 

Point  Sal 

Point  Sal 

Santa  Cruz  County 

Aptos 

Aptos 

Aptos 

Aptos 

Shasta  County 

French  Gulch 

Redding 

Redding 

Siskiyou  County 

Callahan  (Grouse  Creek) 

Cecilville 

Forks  of  Salmon.  _ 

Sawyers  Bar 

Scott  River 

Trinity  County 

Trinity  Center 

Burnt  Ranch 

Junction  City 

Carrville. 

Yuba  County 

Camptonville 


340 
192 
202 


20 

88 


40 


316 


30 


100 


54 
94 


26 
18 
22 
24 


24 
40 
32 


50 

6 
140 
60 
50 


100 

350 

32 

25 


50  lbs.  black  sand  per  ton  of  gravel 
H  lb.  black  sand  per  cu.  yd.  gravel 
^  lb.  black  sand  per  cu.  yd.  gravel 
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Hydraulic  tailings 
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cycles,  tending  to  eliminate  the  formation  of  fins  on 
castings. 

Zirconia  (ZrOa),  used  as  an  insulating  material  be- 
tw^een  the  crucible  and  coils  in  induction  melting,  in- 
creases the  life  of  the  crucible  by  decreasing  the  thermal 
shock  caused  by  the  difference  in  temperature  between 
the  top  and  bottom  of  the  crucible.  Because  of  crystal 
inversions,  pure  zirconia  alone  is  of  little  value  as  a 
commercial  refractory ;  it  breaks  to  pieces  within  a  few 
heating  and  cooling  cycles.  If  about  4^  to  6  percent 
calcium  oxide  is  introduced  into  the  crystal,  however,  it 
changes  from  the  unstable  monoclinic  form  to  a  stable 
cubic  form. 

Stabilized  zirconia,  applied  as  a  wash  to  zircon  induc- 
tion furnace  linings,  has  greatly  increased  their  life  and 
is  especially  helpful  in  preventing  slag  build-up.  The  life 
of  magnesia  crucibles  also  has  been  considerably  length- 


ened by  applying  a  wash  of  zirconia  to  the  inner  surface,* 
Zirconia  is  also  used  for  lining  jet  engines. 

Zircon  and  zirconia  products  formerly  were  important 
materials  in  porcelain  enamel,  but  the  development  of 
titanium  dioxide  opacified  enamels  reduced  this  use- 
considerably.  Zirconia  has  been  extensively  used  as  an 
opacifier  to  replace  the  more  expensive  tin  oxide.  In  the 
prepai'ation  of  coloring  oxides,  used  in  producing  colored 
enamels,  zirconia  products  are  often  used  for  toning  or 
producing  lighter  shades. 

The  use  of  zircon  and  zircon  products  as  opacifiers  for 
whiteware  glazes  is  well  known.  Zirconium  opacifiers!] 
also  produce  craze  resistance  and  scratch  hardness. 

Clay,  alkaline  earth  oxides,  and  zircon  are  used  as 
raw  materials  in  a  zircon  porcelain  which  has  excellent 
thermal  shock  resistance  as  well  as  desirable  electrical 
properties  and  high  mechanical  strength.  This  porcelain 
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I'able  2.  Approximate  amount  of  zircon  in  sand  from  recent 
streams  in  the  San  Joaquin  Valley  (Data  from  VM.  Bur. 
Reclamation,  Ground  Water  Inv.,  Friant-Kern  service  area,  San 
Joaquin  Vallf;/,  California,  1953). 
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6.60 

14.35 

11.31 

15.41 

8.35 

6.05 

7.19 

23.59 

2.0 

3.94 

7.96 

10.72 

0.288 

0.812 

0.574 

0.511 

0.232 

3.24 

0.616 

1.406 

3.136 

2.205 

1.556 

4.491 

0.38 

i\iiiKs  River 

2.4 
1.26 

I'lilo  River 

1.58 

ll.cr  Creek 

0.38 

1  ■.  i^o  Creelc 

3.92 

Kern  River 

l\rrn  River 

S:tlt-Tecuyah  Creeks 

0.89 

7.2 

1.26 

rlii'to  Creek 

San  Eniigdio  Creek 

."■aiidy  Creek 

1.66 
2.48 
9.62 

is  used  in  such  items  as  switch  parts,  coil  forms,  rheostat 
assemblies,  insulating  washers,  spark  plugs,  and  elec- 
I lieal  insulation. 

The  high  mechanical  strength  and  high  electrical 
1  (sistivity  of  zircon  at  high  temperatures  has  led  to  the 
use  of  zircon  shapes  and  zircon  electrical  cements  for 
high  temperature  electrical  insulation.  Zircon  circuit 
breakers  and  arc  chute  plates  have  proved  very  satis- 
factory 

In  the  glass  industry,  zircon  and  zirconia  products  are 
used  in  low-porosity  zircon  refractories  that  are  particu- 
larly well  suited  for  use  in  contact  with  molten  glass. 
In  special  glass  compositions,  such  as  the  glass  that  is 
used  for  glass  to  metal  seals,  zircon  and  zirconia  are 
being  used  as  components  of  the  glass  batch.  Zirconia 
as  a  lens  polishing  compound  is  replacing  the  higher 
priced  ceria  products.  Zirconia  has  also  partly  replaced 
the  less  expensive  rouge  as  a  polishing  agent  because  it 
provides  higher  polishing  efficiency,  greater  glass  re- 
moval, and  cleaner  polishing.  Zircon  is  used  in  the  abra- 
sive industry  as  abrasive  grains  and  also  as  a  component 
of  vitrified  grinding  wheel  bonds. 

Zirconia  is  used  as  a  batch  component  in  the  prepa- 
ration of  coatings  for  welding  rod  used  to  weld  free 
machining,  high  sulfur  steels  and  armor  plate. 

The  earliest  use  of  zirconium  metal,  which  was  pro- 
duced as  a  powder,  was  for  priming  explosives  and 
fla.shlight  powders.  Zirconium  powder  is  extremel.v  com- 
bustible and  produces  a  very  bright  light  when  ignited. 
Zirconium  metal  possesses  a  strong  affinity  for  oxygen 
and  nitrogen  at  elevated  temperatures  and  for  this  rea- 
son is  used  as  a  "getter"  in  radio  tubes. 

Most  of  the  zirconium  used  in  the  metals  industry  is 
in  the  form  of  zirconium  ferrosilieon  in  steels  and  other 
alloys.  In  steel-making,  zirconium  acts  as  a  powerful 
deoxidizer  and  as  a  scavenger  of  nitrogen  and  sulfur. 
It  also  promotes  depth-harden-ability  in  the  heat-treated 
engineering  steels.  Zirconium  is  also  used  as  an  alloying 
material  in  the  manufacture  of  gray  case  iron  to  im- 
prove the  machinability. 

Hafnium-free  ductile  zirconium  metal  is  used  as  a 
construction  material  in  Government-sponsored  nuclear- 
reactor  plants.  Among  the  metals  only  beryllium,  bis- 
muth, and  magnesium  have  a  lower  thermal-neutron 
absorption    cross-section    (ability   to    absorb    neutrons) 


than  zirconium.  Such  absorption  is  wasteful  of  the  avail- 
able energy  in  uranium,  thorium,  and  other  fissionable 
material. 

The  excellent  corrosion  resistance  of  zirconium  metal 
probably  will  result  in  one  of  its  most  useful  applica- 
tions. It  resists  corrosion  by  most  of  the  organic  acids, 
metal  chlorides,  and  especially  hydrochloric  acid  and 
phosphoric  acid.  It  is,  therefore,  suitable  for  surgical 
equipment,  such  as  pins,  screws,  and  plates  for  bone 
repairs,  suture  wire,  and  instruments. 

The  use  of  zirconium  salts  and  chemicals  has  been 
expanding  rapidly  since  1950.  Zirconium  carbonate  and 
zirconium  hydroxide  are  used  in  poison  ivy  ointment 
and  in  personal  deodorants.  Wax  emulsions  mixed  with 
zirconium  acetate  or  ammonium  zirconyl  carbonate  form 
good  water  repellants  for  textiles.  Zirconium  salts  are 
used  to  precipitate  either  acid  or  basic  dyes  on  textiles. 
Zirconium  phosphate  is  used  to  treat  stomach  ulcers. 

Small  quantities  of  hafnium  have  been  used  in  carbide 
cutting  tools,  fliiorescent  powders,  and  for  alloying  with 
the  tungsten  filaments  of  electric  incandescent  lamps  to 
increase  their  strength.  Hafnium  has  become  prominent 
in  the  atomic  energj'  field  as  a  material  for  control 
devices  in  nuclear  reactors.  Because  of  its  very  high 
captive  cross-section,  hafnium  control  rods  are  used  to 
adjust  the  reactivity  of  the  reactor  core.  With  the  con- 
trol rods  completely  inserted  in  the  core,  the  high  ther- 
mal-neutron-absorption of  the  hafnium  will  prevent  the 
chain  reaction  from  starting  (Goodwin,  p.  1162). 

Mining  Methods  and  Treatment.  Zircon -bearing 
placer  deposits  are  worked  by  strip  mining  or  conven- 
tional dredging  methods.  Such  methods  employ  strip- 
ping equipment  and  transport  conveyors  or  bucket-line, 
suction,  or  drag-line  dredges.  The  method  used  to  re- 
cover the  zircon  from  the  heavy  concentrate  depends 
largely  iipon  the  nature  of  the  other  minerals.  Magnetic 
or  electrostatic  separation  or  a  combination  of  the  two 
are  usually  employed  to  remove  the  other  heavy  min- 
erals because  zircon  is  non-magnetic  and  a  poor  con- 
ductor of  electricity. 

In  Australia,  a  maximum  of  20  feet  of  overburden  is 
removed  by  bulldozer  or  draglines.  The  heavy  mineral 
seams  thus  exposed  are  mined  either  by  selective  hand- 
shovelling  into  trucks  or  by  diesel  shovel,  scoop,  or  other 
power  driven  machinery.  The  sand  containing  the  heavy 
minerals  is  hauled  by  truck  to  the  treatment  plant  where 
silica  is  removed  from  tlie  heavy  minerals  by  means  of 
concentrating  tables  or  Humphreys  spirals.  The  heavy 
fraction  is  then  run  through  a  series  of  electrostatic  and 
magnetic  separators  to  separate  rutile,  ilmenite,  and 
monazite  from  the  zircon  (figure  1). 

The  Brazilian  zirconium  ore  occurs  in  alluvial,  eluvial, 
and  vein  deposits  (Miller,  1954,  p.  9).  The  highest 
grade  material  consists  of  large  pebbles  in  the  gravels. 
Mining  is  by  picks  and  shovels.  Most  of  the  ore  is  ob- 
tained from  surface  concentrations  but  some  is  mined 
from  pits  up  to  60  feet  in  depth.  All  the  vein  material 
is  traiLsported  to  washing  plants  and  concentrated  by 
sluicing,  sieving,  hand-picking,  and  hand-jigging. 

The  zirconium-bearing  beach  deposits  in  P^lorida  are 
mined  with  a  floating  suction  dredge.  The  sands  are 
pumped  to  a  battery  of  Humphreys  spirals  from  which 
heavy-sand   concentrates   are   obtained.    These    are    put 
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Fig.  I      Flow    sheet    for.  Australian     Beach    Sand    Concentration 

(From    Chem.  Eng.  ond    Mine  Rev.,  June  10,1955,  p.336  ) 
*PrOcess       B     wos     the     method     in    generol     use    in     1955. 

FiGUEE  1.     Flow  sheet  for  Australian  beach  sand  concentration. 
{From  Chem.  Eng.  and  Min.  Rev.,  June  10,  1955,  p.  336.) 


through  a  large  electrostatic  separator  to  separate  the 
titanium-bearing  minerals  from  the  other  less  conduc- 
tive material  which  includes  zircon.  The  zircon-bearing 
rejects  are  again  run  through  the  Humphreys  spirals 
to  remove  the  remaining  quartz  and  other  silicates.  The 
concentrates  are  passed  over  a  magnetic  separator  and  a 
clean  zircon  product  is  obtained  in  the  tailings. 

The  zircon  that  has  been  recovered  as  a  by-product  of 
monazite  production  in  Idaho  is  being  stockpiled  pend- 
ing the  development  of  a  western  marl^et.  The  zircon- 
bearing  placer  material  is  mined  by  bucketline  dredges. 
After  the  larger  material  is  removed  by  screening,  the 
sand  is  passed  over  two  batteries  of  jigs.  The  concen- 
trates from  the  jigs  are  shipped  to  the  separating  plant 
where  they  are  dried  and  passed  over  electrostatic  sep- 
arators, magnetic  separators,  and  an  induced  magnetic 
roll.  The  zircon  remains  in  the  tailing  product  along 
with  any  silicate  minerals  not  removed  by  the  jigs  on 
the  dredge. 

Zirconium  and  hafnium  can  be  recovered  from  the 
concentrates  by  several  methods,  but  only  two  commer- 
cial processes,  the  Kroll  (magnesium-reduction)  and  the 
van  Arkel-de  Boer  (iodide)  yield  metals  pure  enough  to 
be  ductile.  In  both  processes,  the  zirconium-  and 
hafnium-bearing  material  must  be  decomposed.  For  the 
silicate  (zircon),  this  is  a  difficult  task.  The  decomposi- 
tion involves:  (a)  removal  of  silica  by  volatilization, 
(b)  sintering  and  digesting  with  acid,  (c)  fluxing  with 
alkalis,  (d)  carbiding  followed  by  direct  chlorination  or 


hydrofluoric  acid  treatment  and  fluoride  fusion  followed 
by  chlorination.  Zirconium  tetrachloride,  the  end  prod- 
uct of  the  direct  chlorination  method,  is  the  starting 
compound  of  the  Kroll  process.  In  the  Kroll  process, 
molten  magnesium  is  used  to  reduce  zirconium  tetra- 
chloride in  an  inert  atmosphere  of  argon  or  helium. 

The  material  produced  by  the  Kroll  process  varies 
considerably  in  its  impurity  content  and  consequently 
in  the  physical  properties  of  each  batch.  The  Kroll 
sponge  can  be  refined  by  means  of  the  van  Arkel-de 
Boer  iodide  process  which  involves  the  use  of  crude 
zirconium  to  form  a  volatile  zirconium  iodide  and  the 
subsequent  decomposition  of  the  iodide  on  a  heated  zir- 
conium filament.  By  this  process,  a  pure,  ductile, 
corrosion-resistant,  crystal-like  solid  mass  of  zirconium 
called  "crystal  bar"  is  made. 

If  the  zirconium  is  to  be  used  in  nuclear  reactors 
where  a  hafnium-free  material  is  needed,  the  zirconium 
should  be  recovered  from  zirconium  oxide  obtained  from 
the  hafnium-separation  process  (Lustman  and  Kerze, 
p.  205)  in  which  the  zirconium  oxide  is  reduced  directly 
with  aluminum,  calcium,  or  magnesium.  The  resultant 
material,  which  is  impure,  is  used  to  feed  the  van 
Arkel-de  Boer  iodide-decomposition  unit. 

Zirconium  and  hafnium  are  so  similar,  both  in  their 
occurrence  and  chemical  behavior,  that  methods  used  to 
free  zirconium  will,  at  the  same  time,  free  hafnium.  In 
order  to  produce  pure  hafnium,  the  zirconium  must  be 
removed. 

The  production  of  hafnium  as  developed  at  the  North- 
west Electrodevelopment  Laboratory  of  the  U.  S.  Bureau 
of  Mines,  Albany,  Oregon,  consists  of  the  following  steps 
(Holmes,  Barr  and  Gilbert,  1955,  p.  9)  :  (1)  Separation 
of  hafnium  compounds  from  zirconium  ores,  (2)  Con- 
verting the  hafnium  to  the  oxide,  (3)  Direct  chlorination 
of  hafnium  oxide,  (4)  Purification  of  hafnium  tetra- 
chloride, (5)  Reduction  of  refined  hafnium  tetrachloride 
with  magnesium  metal,  (6)  Removal  of  magnesium 
chloride  (formed  in  the  reduction  process)  and  the 
excess  magnesium  from  the  hafnium  by  treatment  in  a 
vacuum  distillation  step,  (7)  Cleaning  and  crushing  of 
the  sponge  in  preparation  for  further  treatment. 

History  of  Production.  Before  World  War  I  the  use 
of  zirconium  and  its  compounds  was  largely  experimen- 
tal and  confined  almost  entirely  to  Germany  and  Austria. 
Small  lots  of  zirconium  ore  had  been  produced  in  the 
United  States  (the  first  of  1,000  pounds  in  1869)  for  use 
in  the  manufacture  of  incandescent  gas  mantles.  In  1906, 
the  discovery  of  large  quantities  of  baddeleyite  in  Brazil 
led  to  the  extension  of  uses  of  zirconium  by  German 
chemists.  The  Germans  were  credited  with  producing  a 
remarkable  zirconium  steel  which  was  claimed  to  be  much 
superior  to  other  alloy  steels.  During  World  War  I,  the 
United  States  Government  investigated  the  German 
claims,  but  did  not  confirm  their  reported  findings.  How- 
ever, these  and  subsequent  investigations  of  the  effects  of 
zirconium  on  steel  and  other  alloys  resulted  in  consider- 
able usage  of  zirconium  alloys  as  deoxidizers  and  addi- 
tion agents. 

In  1925,  a  significant  advance  came  with  the  develop- 
ment, by  van  Arkel  and  de  Boer,  of  the  iodide  process 
for  refining  zirconium  and  other  metals.  This  process  was 
slow  and  expensive,  but  was  used  until  1947  when  Kroll 
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adapted  his  titanium-magnesium  reduction  process  to  the 
production  of  zirconium. 

In  1948,  an  extensive  effort  was  started  to  determine 
an  economical  means  for  the  removal  of  hafnium  which 
had  been  isolated  in  1931.  At  the  same  time  (1948)  reac- 
tor studies  were  begun  to  determine  how,  where,  and  to 
what  extent  zirconium  could  be  effectively  used  in  the 
atomic  energy  program.  Zirconium  showed  promise  of 
considerable  superiority  over  aluminum  as  a  structural 
material  because  of  its  greater  resistance  to  corrosion. 
This  would  permit  use  of  higher  water-coolant  tempera- 
tures, which  would  increase  the  heat-transfer  rates  and 
efficiency  of  power  production.  After  additional  investi- 
gations in  1949,  with  favorable  results,  zirconium  was 
chosen  by  the  Power  Pile  Group  of  the  Oak  Ridge 
National  Laboratory  as  the  structural  metal  for  the  Sub- 
marine Thermal  Reactor.  This  decision  greatly  stimu- 
lated the  production  and  development  of  zirconium 
(Lustman  and  Kerze,  p.  4).  Since  1950,  the  United 
States  Bureau  of  Mines,  the  Reactor  Division  of  the 
Atomic  Energy  Commission,  and  the  Oak  Ridge  National 
Laboratory  have  made  many  studies  of  zirconium.  These 
have  resulted  in  more  efficient  hafniu^m  separation 
methods,  cheaper  and  purer  sponge  zirconium,  and  much 
data  on  alloys,  fabrication,  and  phj^sical  and  mechanical 
properties.  One  direct  result  of  these  studies  is  the  lower- 
ing of  the  cost  of  zirconium  and  zirconium  compounds 
and  hafnium.  With  a  decrease  in  cost  of  zirconium,  in- 
dustrial interest  in  zirconium  has  continued  to  rise. 

LTntil  very  recently,  hafnium  was  produced  in  labora- 
tory quantities  only.  However,  with  the  discovery  of 
new  and  cheaper  methods  of  separating  hafnium  from 
zirconium,  the  production  of  hafnium  should  increase  and 
new  uses  of  hafnium  be  found. 

Markets.  The  United  States  is  the  largest  consumer 
of  zircon  and  baddeleyite.  Practically  all  the  zirconium 
ore  imported  into  the  United  States  comes  from  either 
Australia  or  Brazil  and  is  unloaded  at  ports  on  the  At- 
lantic seaboard.  The  quantity  of  zircon  imported  from 
Australia  was  comparable  to  United  States  mine  produc- 
tion in  1954,  although  domestic  mine-production  ca- 
pacity is  reported  to  be  capable  of  meeting  domestic 
requirements.  Apparently,  a  favorable  price  differential 
and  a  tie-in  with  rutile  imports,  a  mineral  in  short  sup- 
ply, accounted  for  the  large  United  States  consumption 
of  Australian  zircon  in  preference  to  the  domestic 
product  (Griffith,  1955,  p.  7). 

Engineering  and  Mining  Journal  Metal  and  Mineral 
Markets  quoted  zircon  concentrates  (65  percent  Zr02 
minimum)  c.i.f.  Atlantic  ports,  at  .$47.00-.$48.00  per  long 
ton  throughout  1954.  Because  zircon  contains  a  theoreti- 
cal 67  percent  Zr02,  at  least  a  97  percent  zircon  concen- 
trate is  necessary  to  achieve  the  specified  65  percent  ZrOa 
content.  Zirconium  sponge  was  listed  at  $10.00  per  pound 
and  zirconium  crystal  bar  at  from  $70.00  to  $90.00  per 
pound  depending  upon  the  quantity  ordered.  Hafnium 
metal  powder  was  quoted  at  $25.00  per  gram  in  1953 
(Griffith,  1955,  p.  7). 


The  principal  market  for  zircon  in  California  is  for 
use  as  a  foundry  sand.  The  current  price  for  Australian 
zircon  sand  containing  65  percent  ZrOa  is  $65.00  per  ton 
in  5-ton  lots  (delivered  in  Los  Angeles).  Zircon  sand 
from  Idaho  may  be  obtained  in  Los  Angeles  for  $55.00- 
$60.00  per  ton  in  50-ton  carload  lots.  This  sand  is  coarser 
than  Australian  zircon  and  contains  some  garnet.  The 
amount  of  zircon  sand  used  by  the  foundry  industry  in 
northern  California  cannot  be  closely  estimated ;  how- 
ever, it  probably  exceeds  500  tons  per  year. 

The  Atomic  Energy  Commission  recently  announced 
(Los  Angeles  Times,  May  7,  1956)  award  of  contracts 
for  11,000,000  pounds  of  zirconium  to  be  delivered  over 
a  five-year  period  at  a  total  cost  of  about  $75,000,000. 
One  of  the  three  companies  which  received  a  contract  is 
the  National  Research  Corporation  with  a  plant  near 
Pensacola,  Florida.  National  Research  Corporation  re- 
ported its  price  on  zirconium  will  be  $6.50  a  pound.  The 
other  companies  are  expected  to  receive  about  the  same 
price  per  pound.  Prior  to  the  new  procurement,  the  price 
of  reactor  grade  zirconium  was  $14.00  a  pound. 

The  major  deterrents  to  the  establishment  of  zircon 
production  in  California  may  be  summarized  as  follows : 
(1)  The  concentration  of  zircon  is  generally  not  high 
enough  to  compete,  under  present  economic  conditions, 
with  foreign  sources  of  zircon  (at  present,  there  is  no 
western  market  for  most  of  the  heavy  minerals  which 
may  be  recovered  with  zircon),  (2)  High  cost  of  trans- 
portation to  eastern  markets,  (3)  Lack  of  western  manu- 
facturers of  zirconia  (zircon  oxide)  refractories  and 
ceramic  materials,  (4)  No  western  zirconium  metal 
plants  except  U.  S.  Bureau  of  Mines  plant  at  Albany, 
Oregon,  (5)  The  hafnium  content  of  all  California  zir- 
con tested  to  date  is  only  average  (1  to  2%). 
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Abaca  Mining  Co.,  producer  of  antimony,  39 

Abbott  mercury  mine,  Lake  County,  photo  showing.  343,  349,  350 
A. B.C.  gem  mine,  San  Diego  County,  209 
Abrasive  sand,  555-557 
Abrasives,  23-28 

Academy  Granite  Co.,  producer  of  dimension  stone.  594 
Acme  Cement  Plaster  Co.,  producer  of  gypsum,  238 
Acme  talc  mine,  627 
Actinolite,  51,  57 
Adelaida  district,  mercury  in,  341 
Adirondack  garnet,  24 

Aeroplane  tungsten  mine,  Inyo  County,  76 
Aetna  mercury  mine,  348 
Africa,  asbestos  from,  50,  51,  55 
diamonds  from,  27 
lepidolite  from,  310 
minor  metals  from,  363,  364 
monazite  from,  635,  636 
tin  from,  641,  645 
zircon  from,  707 
Afterthought  copper-zinc  mine.  Shasta  County,  169,  170,  171,  175,  699,  701,  702 

photo  showing,  701 
AL'ate.  gem,  213 

-legate.  497-503.  510,  513.  517.  565.  567.  568,  570.  571.  576-577 
;;i  Fria  slate  quarry,  Mariposa  County,  599-600 
photo  showing.  600 
\!ri»x  bituminous  rock  mine,  Santa  Barbara  County,  62 
All  ox  Co..    producer  of  expansible  shale,  524,  525 

photo  showing  quarry.  525 
Alabama,  bauxite  from,  29 

bituminous  rock  from,  69 
iron  from,  245 
muscovite  from.  358 
M^ibaster.  233 

Ahtmeda  County,  bromine  from,  95 
chromite  in,  124 
clay  in.  30,  131,  135,  138,  139 
coal  from,  153,  156,  157,  162 

crushed  and  broken  stone  from,  567,  572,  573,  584 
magnesite  in,  315,  321 

magnesium  compounds  from  sea  water,  313,  319,  322 
manganese  in,  329 
mineral  paint  from,  256 
natural  gas  in,  376,  378 
pyrite  from,  449 
salt  in,  483,  489 

sand  and  gravel  in,  498,  503,  510,  516 
specialty  sands  in,  553,  558 
Alamo  Mountain  muscovite  mine,  Ventura  County,  359 
Alaska,  nickel  from,  392 
silver  from,  529 
Alaska  gold  mine.  Sierra  County,  217 
Alberhill,  cross  section  tlu"ough  clay  pit  near,  137 
AlberhiU  area,  clay  in,  136-137,  151 
coal  in,  161 

photo  showing  clay  mine  in,  138 
Alberhill  Coal  &  Clay  Co.,  producer  of  clay,  137 
producer  of  coal,  161 
Alberta  talc  mine,  Inyo  County,  629 
Albite.  195 

Alcatraz  bituminous  rock  mine,  Santa  Barbara  County.  62 
Alice  antimony  mine,  Kern  County,  36,  37 
Alisal  Ranch  lead-silver  mine,  Monterey  County,  531-532 
Allanite.  669 

source  of  rare  earths.  468.  472 
Alleghany  district,   arsenic  from.  45 

gold  from,  217 
Allegliany  mines.  Sierra  County,  218,  224 
Alliance  talc  mine.  629.  633,  634 
Allison  Ranch  gold  mine,  Nevada  County,  217 
Alma  pyrite  mine,  Alameda  County  451 
Ahnandite,  as  abrasive,  24 
Alpine  County,  gold  in,  218 

selenium  from,  365 
silver  in,  532 
sulfur  from,  613-614 
.\lpine  Plaster  Co.,  producer  of  gypsum,  238 
'  '^unira  shale,  phosphate  in,  426 
iville  mines,  218 

lona  mercury  mine.  Trinity  County,  343,  344,  349,  350 
iiiina,  fused,  as  abrasive,  28 
minum.  29-33 

as  steel  alloy,  263 
\    ;  minum  Company  of  America,    producer  of  aluminum,  32 

producer  of  gallium.  363 
^    :nite,  aluminum  produced  from,  30 
\     ISO  Salt  Co.,  producer  of  salt,  491 


Amador  County,  clay  in,  30,  135-136.  150,  151 

coal  basins  of,  map  showing,  160 
coal  from.  153.  158-161,  162,  163 
copper  in,  170,  171,  175 

crushed  and  broken  stone  from,  571,  573.  586 
diamonds  in.  211 
dimension  stone  from,  597,  599 
gold  in,  215.  216,  218,  224 
laterite  in.  254 
limestone  in,  297 
quartz  crystal  from,  212,  460 
rhodonite  in.  213 
soapstone  from,  631 
specialty  sands  in.  553,  555,  558,  561 
vanadium  in,  689 
Amador  group,   crushed  and  broken  stone  from,  573 
manganese  in.  329 
mica  schist  in,  359 
Amalgam,li  black  sands.  83 
mercury  from.  341 
Amalia  antimony  mine,  Kern  County,  36,  37 
Amalie  gold  mine,  Kern  County.  219 
Amargosa  talc  mine,  633 
Amargosa  Valley,  borate  deposits  in,  87,  89 
Amber.  59 

Amblygonite,  source  of  lithium.  307,  310,  311 
Amboy  iron  deposit,  San  Bernardino  County,  245,  255 
Ambrose  antimony  mine,  San  Benito  County,  36,  38 
Amerada  Petroleum  Corp.,  producer  of  natural  gas,  377 
American  Abrasive  Co.,  importers  of  corundum,  27 
American  Asbestos  Mining  Corp.,  producer  of  asbestos,  53 
American'^Encaustic  Tiling  Co.,  producer  of  feldspar,  197,  464 

producer  of  quartz,  464 
Americaii  Flag  mine.  Riverside  County,  tin  in,  644 
American  Girl  gold  mine,  Imperial  County,  219 
American  Gypsum  Co.,  producer  of  gypsum,  239 
American  Lignite  Products  Co.,  producer  of  montan  wax,  158,  161,  162,  163 

process  diagram,  159 
American  Perlite  Corp.,  producer  of  perlite,  433 
American  Potash  &  Chemical  Corp.,    flow  sheet.  308,  478 

producer  of  lithium  carbonate,  307-309,  310 
producer  of  salines,  90,  91,  95,  479.  481.  487 
producer  of  sodium  carbonate,  539.  540 
producer  of  sodium  sulfate,  543 
American  Salt  Co..  producer  of  salt.  483.  489 
American  Smelting  &  Refining  Co.,    producer  of  arsenic.  45,  46 

producer  of  cadmium.  97 
producer  of  minor  metals.  363,  365 
American  Trona  Corp..  producer  of  salines,  479 
Ames.  Joe,  photos  by,  187.  188,  189 

Amity  tungsten  mine.  San  Bernardino  County,  section  through,  657 
Ammonia,  401 

Ammonium  sulfate,  from  coal,  266.  401 
Amosite,  51.  54,  56,  57 
Amphibole  asbestos,  50-51,  54,  56 

map  showing  distribution  in  California,  52 
Anaconda  Aluminum  Co.,  producer  of  aluminum.  30.  32 
Anaconda  Co..  producer  of  arsenic,  45 

producer  of  selenium.  365 
Anaconda  Copper  Mining  Co.,  producer  of  copper.  175 

producer  of  lead-silver-zinc,  283-284,  291 
Anaconda  Mining  Co..  producer  of  sulfur,  614 
Andalusite,  275,  280 

associated  with  fluorspar,  201 
associated  with  pyrophyllite,  455 
source  of  aluminum,  30,  31 
Andalusite,  gem,  205 
Andradite,  as  abrasive,  24 
Angel  Island,  dimension  stone  from,  596 
Anglesite,  lead  from,  281,  282,  283 
Anhydrite.  234.  235 

Anita  gem  mine.  San  Diego  County.  209 

Annex  (Silver  Hills)  silver  mine,  San  Bernardino  County,  530 
Anorthite,  195 
Anorthosite,  analyses  of,  29 

source  of  aluminum,  30,  31 
source  of  feldspar,  197 
source  of  titanium,  650 
Anorthosite  terrane,  photo  showing,  31 
Antelope  Hills  oil  field,  416 
Anthophyllite,  51,  54,  55,  56,  57 
Antimony,  35-44 

alloyed  with  lead,  284 
Antimony  Consolidated  mine,  Kern  County,  36,  38 
Antimony  deposits  in  California,  map  showing,  36 
Antiniony  metal,  starred,  photo  showing,  44 

Antimony  Peak.  Kern  County,  map  showing  mineralized  zone  at,  39 
Antimony  Peak  antimony  deposits,  Kern  County,  35,  36,  37 
Antimony  Queen  antimony  mine,  Kern  County,  39 
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Antimony  white,  40 
Apatite,  425,  426 

App-Heslep  gold  mine,  Tuolumne  County,  216 
Aptos  Beach  iron  deposit,  Santa  Cruz  Countyt  245,  255 
^Ajagonite,  source  of  lime,  293 
Aragotite,  59 

Arden  Salt  Co.,  producer  of  salt,  491,  494 
Argentina,   beryl  from,  70 
ulexite  in,  87 
vanadium  in,  689 
Argentite,  282 

source  of  silver,  529,  630,  534 
Argonaut  gold  mine,  Amador  County,  216 
Argyrodite,  source  of  germanium,  364 
Arizona,  asbestos  from,  50,  56 
bismuth  from,  79 
copper  from,  171 
diatomite  from,  192 
feldspar  from,  195,  200 
fullers  earth  from,  148 
rhenium  from,  365 
selenium  from,  365 
strontium  minerals  from,  607 
uranium  from,  671 
Arkansas,  barite  from,  71 
bauxite  from,  29 
coal  from,  266,  267 
quartz  crystal  from,  459 
titanium  from,  647 
Arnold  clay  deposit,  Orange  County,  138,  145 
Arsenic,    45-48 

cobalt  associated  with,  165 
Arsenic  Products  &  Refining  Co.,  producer  of  arsenic,  45 
Arsenopyrite,  source  of  arsenic,  45 
Asbestos,  49-58 

Asbestos  Empress  asbestos  prospect,  53 
Asbestos  King  mine.  Riverside  County,  vermiculite  in,  359 
Asbolite,  source  of  cobalt.  165 
Ashlar,  591,  600,  601,  602 
Asia,  early  use  of  lead  in,  284 
Aspen  Mining  Co.,  producer  of  manganese,  331 
Asphalt,  59-70 

associated  with  uranium,  671 
associated  with  vanadium,  689,  690 
Asphalt  concrete,  503,  565,  571.  576 

Atkinson  Co.,  Guy  F.,  producer  of  crushed  and  broken  stone,  570,  578,  579 
Atlas  Fire  Brick  Co.,  producer  of  quartzite,  464 
Atolia  district,  tungsten  in,  657,  661,  662 
Atolia  tungsten  mines,  San  Bernardino  County,  tin  in,  644 
Auschwitz  (Seward)  sulfur  property.  Lake  County,  615,  616 
Australia,  arsenic  from,  46 

black  sands  from,  84 
coal  from,  157 
cobalt  from,  165 
lead  from,  291 
pyrites  from,  449,  454 
rare  earths  in,  473 
rutile  in.  647,  649 
zircon  from.  707,  709,  712 
Austria,  magnesite  in,  313,  321 
Autunite,  669,  671,  676,  677,  678 
A  venal  Gap  gypsum  mine,  231 
Azurite,    associated  with  fluorspar,  201 
source  of  copper,  169 


B 


Babineau,  Henry,  producer  of  pumice,  438 

Bacon  clay,  136 

Baddeleyite,  source  of  zirconium,  707 

Bagdad-Cliase  gold  mine,  San  Bernardino  County,  219 

copper  from,  170,  171,  175 
Baja  California,  sulfur  from,  614 

Baker  sodium  borate  mine,  San  Bernardino  County,  90 
Balaklala  copper-zinc  mine,  Shasta  County,  170,  172,  175,  699 
Balaklala  rhyolite,   copper  in,  172,  173 

pyrites  from,  449 
Bald  Eagle  magnesite  mine,  Stanislaus  County,  313,  315,  321,  322 
Ball  clay,  131,  133,  145,  151 
Ballas,  27 

Bank  of  California  Building,  San  Francisco,  photo  showing,  593 
Banner  district,  221 
Barite,    71-74 

associated  with  copper,  174 

associated  with  mercury,  344 

associated  with  rare  earths,  471 

associated  with  silver,  529,  530 

used  in  drilling  mud.  258 
Barium  Queen  barite  mine,  San  Bernardino  County,  cross-section  of  typical  vein, 
73 
photo  showing  crystalline  barite  from,  74 
Baroid  Sales  Division,  National  Lead  Co.,  producer  of  hectorite,  139-140 
Barton  Mines  Corp.,  producer  of  garnet,  24 


Basalt,   as  dimension  stone,  600 
source  of  bauxite,  29 

source  of  crushed  and  broken  stone,  565,  568-569 
Basalt  Rock  Company,  Inc.,    producer  of  diatomite,  187,  192 

producer  of  expansible  shale,  521,  524,  525 
photo  of  plant,  522 
photo  of  quarry,  527 
Basic  Magnesium,  Inc.,  explorations  for  salt,  487 
Bastnaesite,  source  of  rare  earth  elements,  467,  468,  469,  471,  472 
Bauxite,  source  of  aluminum,  29-33 

source  of  gallium,  363 
Bavaria,  graphite  from,  229 
Bayer  process  of  alumina  extraction,  31 
Beach  sands,  547 

biotite  from,  359 
chromite  in,  497 
feldspar  from,  197,  199 
ilmenite  in,  497 
magnetite  in,  497 
titanium  from,  647,  649 
zirconium  from,  797 
Bean  Canyon  series,  limestone  in,  297 
Beck  (Kingston  Range)  iron  deposit,  San  Bernardino  County,  249 

photo  showing,  253 
Bedford  Canyon  formation,  crushed  and  broken  stone  from,  574 
Beehive  Bend  natural  gas  field,  377 
Belgian  Congo,  cobalt  from,  165 

tin  from,  645 
Belgium,  antimony  from,  44 
marble  from,  605 
pebbles  for  grinding  from,  27 
Bementite,  325,  327,  330 

Benicia  Cement  Co.,  producers  of  hydraulic  cement,  116,  119 
Benitoite,  gem,  205,  208.  211,  647 
Bentonite,    131,  133,  139-140,  147,  151 

photo  showing  clay  bloom  on,  135 
Bentonite,  swelling,  139,  147 
Benzene,  from  natural-gas  liquids,  390 
Benzol,  from  coal,  266 

Bernice  (Evening  Star,  Rex)  tin  mine,  San  Bernardino  County,  643 
Berryessa  formation,  expansible  shale  in,  521 
Bertram  sodium  sulfate  deposit,  photo  showing,  544 
Beryl,  associated  with  feldspar,  198 
source  of  beryllium,  75 
source  of  cesium,  363 
source  of  rubidium,  363 
Beryl,  gem,  205,  208,  209,  210,  211 
Beryllium,  75-78 

Bessemer  (Iron  Mountain)  iron  deposit,    San  Bernardino  County, 

245,  249.  254,  255,  258 
photo  showing,  253 
Best  Fertilizer  Co.,  producer  of  phosphates,  427 
Beta-uranotil,  671 
Bethlehem  Pacific  Coast  Steel  Corp.,  producer  of  steel,  260 

photo  showing  plant,  264,  268 
Bethlehem  Steel  Co.,  producer  of  steel,  260 
Beverly  Hills  oil  field,  417 
B.F.J,  talc  mine,  San  Bernardino  County,  634 
Big  Bend  copper-zinc  mine,  Butte  County,  170,  699,  702 
Big  Blue  gold  mines,    Kern  County,  79,  219 

tin  in,  644 
Big  Canyon  gold  mine,  El  Dorado  County.  217 
Big  Oscar  antimony  mine,  Kern  County,  36,  39 
Big  Reef  manganese  mine.  San  Bernardino  County,  photo  showing  workings, 

331,  332 
Bingo  antimony  mine,  Kern  County,  39 
Biotite.  357-362 

Birthday  rare  earth  claims,  San  Bernardino  County,  469,  470,  471 
Bishop  antimony  mine,  Inyo  County,  36,  37,  39 
Bishop  Creek  district,  218 
Bishop  district,  tungsten  in,  657,  659,  662 
Bishop  Hardware  Co.,  producer  of  pumice,  439 
Bishop  tuff,  pumice  in,  439 
Bismuth,    79-81 

alloyed  with  lead,  284 
Bismuthinite,  source  of  bismuth,  79 
Bismuth-metal,  photo  showing,  81 
Bittern,  bromine  from,  95 
Bituminous  rock,  59-70 

Black  Diamond  chromite  mine,  Glenn  County,  124,  125 
Black  Diamond  coal  mine.   Contra  Costa  County,  section  tlu-ough  shaft,  155 

photo  showing,  155 
Black  Diamond  coal  seam,  153 

Black  Eagle  chromite  claim.  Siskiyou  County,  cross  section  of,  122 
Black  granite,  595 

Black  Hawk  gold  mine,  Kern  County,  219 
Black  Hills,  beryl  from,  75 
Black  Jack  mine,  Kern  County,  tin  in,  644 
Blackjack  manganese  mine.   Riverside  County,  331 

flowsheet  for  concentrator,  332 
photo  showing,  333 
Black  Jack  zinc  mine,  Los  Angeles  County,  702 
Black  Mountain  prospect,  San  Diego  County,  arsenic  from,  45 
Black  Oak  gold  mine.  216 
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['•l-.ick  Rock  tungsten  mine,    Mono  County,  659 
photo  showing,  661 
lihu-k  sands,    83-85,  497 

source  of  garnet,  24 
source  of  rare  earth  elements,  467,  468 
source  of  rutile,  468 
source  of  thorium,  635 
source  of  zircon,  468,  707 
Blake  Bros.,  producer  of  crushed  and  broken  stone,  photo  showing  facihties  of, 

570,  571 

Blanco  magnesite  mine,  Napa  County,  315,  321 
Blast  furnace  slag,  268-270 
Blind  Spring  Hili  district,  silver  in,  530,  532 
Blodite,  543,  544 

Bloedite,  source  of  magnesium.  315 
Blom  feldspar  deposit.  Riverside  County,  197 
Blue  Diamond  Corp.,    grinding  and  finishing  plant,  120 
producer  of  gypsum,  233 

producer  of  sand  and  gravel,  photo  sliowing  plant,  516 
Blue  Jay  manganese  mine.  Trinity  County,  330 
Blue  Ledge  copper  mine,  Siskiyou  County,  170 
Blue  Moon  mine,  Mariposa  County,  699,  702 
Blue  Silver  copper  mine,  San  Bernardino  County,  171 
Blue  Star  Mines,  Ltd.,  producer  of  pyrophyllite,  456 
Blue  Wing  antimony  mine,  Merced  County,  36,  38 
Bodie  district,  219 

Boiler  Pit  chromite  mine,  Placer  County,  124 
Bolivia,  antimony  from,  35,  44 
bismuth  in,  79 
lead  from,  291 
tin  from.  641,  645 
tungsten  in,  666 
Bone  clay,  137,  138 

Bonham  talc  operations,  Inyo  County,  629,  634 
Bonnie  talc  mine,  633 

Bonsall  tonalite,  source  of  crushed  and  broken  stone,  573 
Booth  talc  mine,  627,  633 
Boracite,  source  of  boron,  87 

orates,  strontium  minerals  associated  with,  609 
3orax,  478,  479,  480,  481,  539 

associated  with  lithium,  307 
source  of  boron,  87,  88,  89,  90,  91 
Borax  Lake,  borates  in,  87,  89 

sodium  carbonate  in,  539 
3oric  acid,  478,  479,  480 
3oric  acid,  natural,  87 
Sorneo,  nickeliferous  laterite  in,  392 
3ornite,    282 

source  of  copper,  169,  174 
loron,    87-94 

as  steel  alloy,  263 

photo  showing  open  pit  mining  at,  90 
3oron  carbide,  as  abrasive,  28 
3ort,  27 

Boss  San  Juan  pyrites  mine,  Nevada  County,  451 
Boston- Valley  salt  claims,  San  Bernardino  County,  487 

geologic  map  of,  489 
Bouquet  stone,  601 

Bour  molybdenum  deposit,  San  Diego  County,  367 
Bowen,  OUver  E.  Jr.,  Cement,  113-120 

Limestone,  dolomite,  and  lime  products,  293-306 
Bradleyite,  539 

Brandy  City  mines.  Sierra  County,  218 
Brass,  179 

Brass  wool,  as  abrasive,  28 
Braunite,  source  of  manganese,  325,  327 
Brazil,  apatite  from,  425 
beryl  from,  75 
gem  stones  from,  205 
kunzite  from,  210 
minor  metals  from,  353 
monazite  from,  467,  473,  636 
muscovite  from,  357 
nickel  from,  392 
quartz  crystal  from,  459 
rutile  in,  647 
tungsten  in,  666 
zircon  from,  707,  709,  712 
Brazilite,  707 

Bricoburg  district,  limestone  in,  297 
Brick  clay,  133,  150 

Brick  Flat  ore  body,  Shasta  County,  photo  showing,  705 
Brines,  classification  of,  475 
Bristol  Lake,  calcium  chloride  from,  101-102 
celestite  from,  609 
gypsum  from,  231,  232 
magnesium  in,  313 
photo  showing  canal,  102 
salt  in,  486,  488,  494 
Bromine,  95,  478,  479,  480,  485 
Bromyrite,  95 
Bronze,  179 

Brown  Bear  gold  mine,  219 
Brucite,  source  of  magnesium,  313,  322,  323 


Brunswick  gold  mine,  Nevada  County,  217,  224 
Brush  Creek  gold  mine,  Sierra  County,  217,  224 
Brush  Hill  gold  mine,  Lassen  County,  219 
Buckeye  manganese  mine,  Stanislaus  County,  329 
Buckhorn  uranium  group,  Lassen  County,  673 

Buckman  mercury  mines,  Sonoma  County,  photo  showing  furnace  plant,  345 
Buena  Vista  Hills  oil  field,  natural  gas  in,  377 
Building  stone,  565,  567,  591 
Bull  Dog  antimony  mine,  Kern  County,  36 
Bully  Choop  gold  mine,  Trinity  County,  219 

Bully  Hill  copper-zinc  mine,  Shasta  County,  170,  175,  176,  699,  701 
photo  showing  portal  of  No.  3  adit,  175 
Bunker  chromite  mine,  Placer  County,  124 
Bunker  Hill  &  Sullivan  electrolytic  plant,  flow  sheet  of,  43 

Bunker  Hill  &  Sullivan  Mining  &  Concentrating  Co.,  producers  of  antimony,  43 
Bunker  Hill  gold  mine,  Amador  County,  216 
Burkeite,  479,  539,  543 
Burma,  cobalt  from,  165 
jade  from,  212 
tungsten  in,  666 
Butane,  385 
Butte  County,  black  sands  in,  84 

calif ornite  in,  211 

chromite  in,  123,  124,  125 

copper  in,  170,  171 

corundum  in,  26 

crushed  and  broken  stone  from,  567,  574,  579,  587 

diamonds  in,  211 

gold  in,  217,218 

natural  gas  in,  376,  378 

rare  earths  in,  472 

sand  and  gravel  in,  498,  5?3,  507 

soapstone  from,  631 

zinc  in,  699,  702 
Butters  cyanidation  plant,  Martinez,  45 
Buttes  Oilfields,  Inc.,  producer  of  natural  gas,  377 
Buttonwillow  natural  gas  field,  Kern  County,  377 
Butts  quicksilver  mine,  San  Benito  County,  celestite  in,  609 


Cabot,  Inc.,  producer  of  wollastonite,  695 
Cachuma  district,  geologic  section  across,  350 

mercury  in,  343,  344 
Cactus  Queen  gold  mine,  Kern  County,  219 
Cactus  silver  mine,  Kern  County,  530 
Cadiz  Lake,  calcium  chloride  in,  101 
gypsum  from,  231 
salt  in,  486 
Cadmium,   97-98 

alloyed  with  lead,  284 
Cadmium  oxide,  97 

Cady  Mountains  celestite  deposit,  San  Bernardino  County,  section  through,  609 
Cajalco  (Temescal)  tin  mine.  Riverside  County,  643 

photo  showing,  642 
Calamine,  699 
Calaveras  Cement  Co.,   producer  of  cement,  120 

producer  of  clay,  136 
Calaveras  County,  asbestos  from,  53 
cement  from,  120 
chromite  in,  124,  129 
clay  from,  136,  150 
cobalt  from,  165 

copper  from,  169,  170,  171,  174,  175 
crushed  and  broken  stone  from,  567,  571,  573,  586 
dimension  stone  from,  599,  602 
gold  in,  216,  217,  218,  224 
limestone  in,  296,  297 
nickeliferous  laterite  in,  396 
pebbles  for  grinding  from,  27 
quartz  from,  464 
quartz  crystal  from,  212,  459 
sand  and  gravel  in,  498 
silver  in,  529 
soapstone  from,  631 
specialty  sand  from,  553 
zinc  in,  699,  702 
Calaveras  Crystal  mine,  Calaveras  County,  460 
Calaveras  group,  barite  in,  71,  73 

crushed  and  broken  stone  from,  573 
dimension  stone  from,  598 
limestone  in,  296 
manganese  in,  329 
pyrites  in,  451 
Calaverite,  215 

Calcite,  associated  with  manganese,  329 
associated  with  rare  earths,  471 
source  of  lime,  293 
Calcite,  optical  grade,  99-100 
Calcium,  as  steel  alloy,  263 
Calcium  carbonate,  as  abrasive,  28 
Calcium  chloride,  101-104 

used  in  portland  cement,  117 
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Caldri  Ice  Corp.,  producer  of  carbon  dioxide,  109 

photo  showing  equipment  for  manufacture  of  dry  ice,  110 
photo  showing  equipment  for  wrapping  dry  ice,  110 
photo  showing  hydrauUc  press  at,  109 
photo  showing  wells,  108 
Calearth  bentonite  deposit,  Inyo  County,  139 
Calearth  fullers  earth  deposit,   Inyo  County,  150 

photo  showing,  148 
Calera  limestone,  299 
Caliche,  293,  294,  299,  401 

as  source  of  iodine,  243 
Calico  district,  silver  in,  529-530,  531,  532 
Caliente  antimony  deposits,  Kem  County,  36 
Caliente  red  beds,  gypsum  in,  233 
California  Alkali  Co.,  producer  of  soda  ash,  479 
California  Borate  Co.,  90 
California  Borax  Co.,  producer  of  sulfur,  616 
California  Chemical  Corp.,  95 

producer  of  magnesite,  322 
California  Industrial  Minerals  Co.,  producer  of  pumicite,  441 
California  iron  deposit,  Shasta  County,  245,  249,  255,  256 
California  Limestone  Products,  producer  of  wollastonite,  693 
California  Magnesia  Co.,  321 
Cahfornia  Magnesite  Co.,  321 
CaUfornia  Oil  Mining  Co.,  67 

California  Portland  Cement  Co.,  119,  120,  463,  598 

California  Rand  (Kelly)  silver  mine,  San  Bernardino  County,  gold  from,  219,  529» 
530,  531,  532 

flow  sheet  of  mill,  533 
California  Salt  Co.,  photo  showing  drilling  for  salt,  488 
producer  of  calcium  chloride,  102 
producer  of  salt,  486,  489.  491 
CaUfornia  Trona  Co.,  producer  of  soda  ash,  479 
California  Zinc  Co.,  producer  of  zinc,  701 
Californite,  211-212 

Calmasil  talc  mine,  San  Bernardino  County,  630,  633 
Calomel,  source  of  mercury,  341 
Calroek  asphalt  quarry,  Santa  Cruz  County,  59-64 
Cameron  barite  mine,  Plumas  County,  72 
Camp  Nelson  barite  mine,  Tulare  County,  72,  73 
Camptonville  mines,  218 
Canada,   asbestos  from,  49,  50,  55,  56 
bismuth  in,  79 

carbon  dioxide  in  oil  wells,  106 
cobalt  from,  165,  167 
corundum  from,  26 
fluorspar  from,  201 
granite  from,  605 
iron  from,  255 
monazite  from,  473 
nickel  from,  391,  398 
nitrogen  compounds  from,  401 
peat  in.  403,  407 
phlogopite  from,  358 
platinum  from,  431,  432 
pyrites  from,  449.  454 
sodium  sulfate  from,  543 
spoduraene  from.  310 
titanium  from,  647,  649 
Canary  Hill  sulfur  mine.  Lake  County,  615 
Canfieldite,  source  of  germanium.  364 
Capistrano  formation,  expansible  shale  in,  522 
Capitan  oil  field,  416 

Captain  Fauntleroy  gypsum  deposit,  Kern  County,  238 
Carbon  dioxide,    105-1 12 

from  limestone,  301 
Carbonado,  27 

Carbonate  King  zinc  mine,  San  Bernardino  County,  699 
geologic  section  through,  701 
Cardox  Corp.,  producer  of  carbon  dioxide,  107,  108 
Careaga  formation,  bituminous  rock  in,  62,  63 
Carissa  gypsum  mine,  231 

Carlson,  Denton  W.,  and  Clark.  William  B.,  Quartzite  and  quartz,  463-466 
Carnallite,   calcium  chloride  in,  101 

cesium  and  rubidium  from,  363 
Carnelian,  as  abrasive,  24 
Carnotite.  669,  671,  676,  678,  689,  691 
Carson  Hill  gold  mine,    Calaveras  County,  216 

quartz  from,  464 
Casinghead  gas,  373 
Cassiterite,  source  of  tin,  641,  643,  645 
Castro  chromite  mine,  San  Luis  Obispo  County,  122,  124 
aerial  photo  of,  130 
flowsheet,  127 
Cave  Canyon  iron  deposit,  San  Bernardino  County,  245,  254 

photo  showing,  254 
Cecilville-Black  Bear  district,  219 
Celebes,  nickeliferous  laterite  in,  392 
Celestite,    232,  233,  487 

strontium  from,  607,  609,  611 
Celite  plant,  Lompoc,  photo  showing,  189 


Cement,   113-120 

iron  for,  245,  254,  255 
oyster  shells  for,  297 
quartzite  for,  463 
Central  calcite  group,  San  Diego  County,  99 
Central  Eureka  gold  mine,  Amador  County,  216 

photo  showing  Old  Eureka  shaft,  224 
Ceramic  clay,  133 
Cerargyrite,  282 

source  of  silver,  529,  530 
Cerite,  source  of  rare  earths,  468 
Cerium  group  of  rare  earths,  467,  468,  472 
Cerium  oxide,  as  abrasive,  28 
Cerro  Gordo  district,  lead-silver  in,  281,  532 

zinc  in,  699 
Cerro  Gordo  lead-silver-zinc  mine,  Inyo  County,  281,  633,  699,^701 
Cerro  Gordo  limestone,  lead-silver-zinc  in,  281 
Cerussite,  source  of  lead.  281,  282,  283,  286 
Cervantite,  source  of  antimony,  35 
Cesium,  363 

Ceylon,  graphite  from,  227,  228,  229 
ilmenite  in,  647 
monazite  from,  636 
rare  earths  from,  473 
Chalcocite,  282 

source  of  copper,  169,  173 
Chalcopyrite,  282 

associated  with  nickel,  393 
source  of  copper,  169,  171,  172,  173,  174,  175 
Champion  gold  mine,  Nevada  County,  217 
Champion  Sillimanite,  Inc.,   fluorspar  mine  of,  201 

producer  of  andalusite.  279 
Chemurgic  Corp.,  producer  of  phospliates,  427 
Cheney  Hill  clay,  136 

Cherokee  hydraulic  mine,  Butte  County,  218 
photo  showing,  226 
Chert,  in  limestone,  299 

source  of  crushed  and  broken  stone,  565,  571 
Chesterman,  Charles  W.,    Bismuth.  79-81 
Cobalt,  165-168 
Fluorspar,  201-204 
photos  by,  112,  212,  299,  301 
Pumice,  pumicite,  perlite,  and  volcanic  cinders,  433-448 
Pyrites,  449-454 

and  Rogers,  B.  H.,  Shale,  expansible,  521-528 
Troxel,  Bennie  W.,  and  Stinson,  Melvin  C,  Uraniuin, 
669-687 
Chevreaux,  Joe,  producer  of  sand  and  gravel,  photo  of  plant,  519 
Chiastolite,  276 

Chicago  silver  mine,  Shasta  County,  529,  532 
Chico  formation,  dimension  stone  from,  597 

expansible  shale  in,  522,  524 
Childers  feldspar  deposit,  Fresno  County,  197 
Chile,    apatite  from,  425 
bismuth  in,  79 
iodine  from,  241,  243 
lead  from,  291 
nitrates  from,  401,  402 
sodium  sulfate  from,  543 
ulexite  in,  87 
Chili  Bar  slate  mine.   El  Dorado  County,  574,  599 

photo  showing,  577 
China,  antimony  from,  35,  41 

tungsten  from,  657,  666 
China  clay,  133,  143,  145,  150 
'  China  Ranch  beds,  gyj«um  in,  233 
Chinese,  early  use  of  lead  by,  284 

Chipman  Chemical  Engineering  Co.,  producer  of  arsenic,  45 
Chloanthite,  source  of  nickel,  391 
Chlorite,  122 

associated  with  talc,  629 
in  oil-well  drilling  mud,  139 
Chromite,  121-130 

in  black  sands,  83.  84.  85 
Chromium,  as  steel  alloy,  259,  263 
Chromium  oxide,  as  abrasive,  28 
Chrysoprase,  gem,  205.  208,  211 
Chrysotile  asbestos,  49-50,  53-54,  55,  56,  57 

map  showing  distribution  in  California,  52 
photo  showing,  49,  53 
Cicero,  C,  producer  of  pumice,  440 
Cima  district,  tin  in,  644 

Cinnabar,  associated  with  antimony,  35,  38,  39 
associated  with  hydrocarbons,  59 
Eissociated  with  sulfur,  615,  616 

photo  showing  rocker  used  for  concentrating  sand,  345 
source  of  mercury,  341,  344 
City  Streets  Improvement  Co.,  producer  of  asphalt,  59,  62^  63,  64 
Clara  H  chromite  mine,  PVesno  County,  124 
Clark,  William  B.,    Gold,  215-226 
photo  by,  330 

Platinum  and  allied  metals,  431-432 
and  Carlson,  Denton  W.,  Quartzite  and  quartz,  463-466 
Clark  coal  seam,  153 
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ark  Mountain  district,  lead  from.  284 
ly,  131-152 

aluminum  produced  from,  30 
associated  with  coal,  157-161 
associated  with  quartz  sand,  157 
source  of  bauxite,  29 
source  of  gallium,  363 
used  in  Portland  cement,  116 
ly,  common,  133,  139,  150 
l;iy  bloom,  135 

photo  showing,  135 
iiiiringliouse  gold  mine,  Mariposa  County,  217 
Icar  Lake  district,  mercury  in,  341 
liveland,  George  B.,   Aluminum,  29-33 
Clay,  131-152 

Climax  Molybdenum  Co.,  producer  of  molybdenum,  369 
Clovis  Quarries,  producer  of  granite,  594 
Coal,  153-164 

associated  with  clay,  138 
associated  with  germanium,  364 
associated  with  uranium,  671 
associated  with  vanadium,  689 
source  of  gallium,  363 
Coalinga  gypsum  mine,  Fresno  County,  238 
Coast  Ranges,  asbestos  in,  54 
chromite  in,  123 
coal  in,  153 

crushed  and  broken  stone  in,  569,  570,  573,  574 
garnet  from,  24 
gold  in,  221 
graphite  in,  227 
Umestone  in,  296,  297.  299 
niagnesite  in,  313 
manganese  in,  327,  329 
mercury  in,  341,  343,  344 
quartz  in,  463,  464 
quartzite  in,  463 
Cobalt,  165-168 

as  steel  alloy,  263 
Cobaltite,  source  of  cobalt,  165 
Coke,  266-268 
Cold  Spring  Granite  Co.,    producer  of  dimension  stone,  594 

photo  showing  quarry,  594 
Colemanite,  479 

source  of  boron,  87-89,  90,  91 
CoUophane,  425,  426 
Coloma,  gold  discovery  at,  223 
Colorado,  bismuth  from,  79 

carbon  dioxide  in  oil  wells,  105 
coal  from,  267 
feldspar  from,  195 
iron  from,  255 
molybdenum  from,  367,  368 
sulfur  from,  613 
titanium  from,  647 
tungsten  from,  655,  661 
vanadium  in,  689,  691 
Colorado  chromite  mine,  San  Luis  Obispo  County,  124 
Coloradoite,  source  of  mercury,  341 
Colorado  No.  2  gold-silver  mine,  Alpine  County,  532 
Colton  pyrophyllite  deposit.  Mono  County,  455,  458 
Columbia  district,  218 

dimension  stone  in,  597,  598 
limestone  in,  297 
Columbia  lead-sUver-zinc  mine,  Inyo  County,  283,  284 
Columbia  Marble  Co.,  producer  of  dimension  stone,  598 

photo  showing  quarry,  598 
Columbia  Steel  Co.,  producer  of  steel,  260 
Columbium,  as  steel  alloy,  263 
Colusa  County,  copper  from,  175 

crushed  and  broken  stone  from,  587 
dimension  stone  from,  596,  597 
natural  gas  in,  376,  378 
salt  in,  486 

sand  and  gravel  in,  498 
sulfur  from,  613,  614 
Confidence  gold  mine.  El  Dorado  County,  216 
Conglomerate,  source  of  crushed  and  broken  stone,  565,  572 

Connolly-Pacific  Co.,  producer  of  crushed  and  broken  stone,  photo  showing  work- 
ings, 572 
Consolidated  Rock  Products  Co.,  producer  of  sand  and  gravel,  photo  showing 

plant,  516 
photo  showing  quarry,  509,  512 
Consohdated  tungsten  mine,  Tulare  County,  661 
Contact  mine,  Kern  County,  arsenic  from,  45 
Continental  Salt  &  Chemical  Co.,  producer  of  salt.  489,  491,  494 
Contra  Costa  County,  cement  from,  119 
coal  from,  153-157 
crushed  and  broken  stone  from,  567,  569,  570,  571,  573, 

580,  584 
diatomite  in,  186 
dimension  stone  from,  597 


expansible  shale  in,  521 
mercury  in,  341 
natural  gas  in,  376 
specialty  sands  in,  553,  557,  559 
travertine  from,  299 
Copper,  169-182 

associated  with  cobalt,  165 

associated  with  fluorspar,  202 

associated  with  gold,  218.  219,  221 

associated  with  lead.  284 

associated  with  minor  metals,  363,  365 

associated  with  molybdenum,  367 

associated  with  nickel,  396 

associated  with  pyrites,  449,  451 

associated  with  silver.  529 

associated  with  tungsten,  659 

associated  with  zinc,  699 

as  steel  alloy,  259,  263 
Copper  Bluff  copper  lease,  Humboldt  County,  176 
Copper  Creek  chromite  mine,  Del  Norte  County,  124 
Copper  glance,  169 

Copper  Hill  copper  mine,  Amador  County,  170 
Copper  King  copper  mine,  Fresno  County,  170 
Copperopolis  district,  limestone  in,  297 
Copperopolis  smelters,  arsenic  from,  45 
Copper  pyrite,  169 
Copper  wool,  as  abrasive,  28 

Copper  World  copper  mine,  San  Bernardino  County,  170 
Copsey  and  Jones  asbestos  prospect.  Lake  County,  53 
Cordero  Mining  Co.,  producer  of  antimony,  38 
Cornelia  uranium  group,  Lassen  County,  673 

photo  showing  open  cut  on,  617 
Cornwall  stone,  197 
Coronadite,  284 
Coronado  Copper  &  Zinc  Co.,  producer  of  copper,  175 

producer  of  zinc,  701,  702 
Corral  Hollow  district,  coal  from,  1.53,  156,  157 

geologic  section  through,  157 
Correra  peat,  403,  405 
Corundum,  as  abrasive,  26-27 

associated  with  fluorspar,  201 
associated  with  kyanite,  275 
Corundum,  gem,  205 
Coso  district,  zinc  in,  699 
Coso  formation,    pumice  in,  438 

uranium  from,  673 
Coso  Range  pumice  and  perUte  area,  geologic  map  of,  436,  437 
Coso  Uranium  Inc.,  photo  showing  mine,  673 
producer  of  uranium,  673 
Cottonballs  (ulexite),  87 
Court  House  natural  gas  well,  373 
Cove  district,  219 
CoveUite,  282 

source  of  copper,  169 
Covelo  Jade  Mines,  Inc.,  producer  of  jade,  212 
Cove  turquoise  mine,  San  Bernardino  County,  212 
Cowan  &  McGraw,  producer  of  pumice.  439 
Cowell  asphalt  mines,  Santa  Cruz  County,  59,  61.  62,  63 
Cowell  Lime  &  Cement  Co.,  119 
Cox,  Lewis,  producer  of  perUte,  443 
Coyote  Mountain  sulfur  deposit.  Imperial  County,  614 
Cozy  Dell  formation,  expansible  shale  in,  522 
Crater  sulfur  claims,    Inyo  County,  615 

photo  showing.  615,  621 
Creosote  oil,  from  coal,  266 

Crestmore  limestone  mine.  Riverside  County,  300 
Cristobalite,  463 
Crocidolite,  51,  54,  55,  56,  57 
Crocus,  as  abrasive,  28 

Croggins  chromite  mine,  Siskiyou  County,  124,  125 
Crownite  Corp.,    producer  of  pumice,  438 

photo  showing  pits  of,  447 
Crystal  Salt  Co.,  producer  of  salt,  486,  494 
Crystal  Silica  Co.,    producer  of  grinding  pebbles,  27 
producer  of  silica  sand,  563 

producer  of  specialty  sands,  photo  showing  operations,  556,  561 
Crystal  Spring  formation,  section  showing  talc  in,  626 
Cuba,   chromite  from,  122,  123 

nickel  from,  391,  392.  398 
Cuddeback  (Walibu)  mercury  mine,  Kern  County,  343,  344 
Cuprite,  source  of  copper.  169 
Cuprosklodowskite,  671,  673 
Curbing,  565,  569,  591 
Curtisite,  59 

Cuyamaca  gabbro.  nickel  in,  393 
Cycle  condensate,  385 
Cycle  plants,  386-387 

Cyclohexane,  from  natural-gas  liquids,  390 
Cyclone  Gap  chromite  deposit,  Siskiyou  County,  123,  124 
Cymric  oil  field,  416 
Cyprus,  pyrites  from,  449,  454 
Czechoslovakia,  montan  wax  from,  162 
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Dairy  Farm  copper  mine,  Placer  County,  170 

Dale  Chemical  Industries,  Inc.,  producer  of  solium  sulfate,  543 

Dale  district,  219 

Dale  Lake,  salt  in,  486 

sodium  sulfate  from,  543,  544 
Dallas  Mining  Co.,  producer  of  benitoite,  211 
Daly  gypsum  deposit,  231' 
Damourite,  associated  with  fluorspar,  201 
Danby  Lake,  geologic  section  through  northwest  portion,  487 
gypsum  from,  231 
salt  in.  486,  494 
sodium  sulfate  in,  543 
Darwin  antimony  mine,  Inyo  County,  36,  37,  39 
Darwin  district,    lead-silver-zinc  in.  281,  283,  529,  532 

tungsten  from,  661 
Darwin  lead-silver-zinc  mines,  Inyo  County,  281,  285,  286 
copper  in,  175 
mill  flowsheet,  285 
section  through  Essex  region,  283 
zinc  in,  699 
Daulton  copper  mine,  Madera  County,  170 
Davidite,  669 

Davis,  Fenelon  F.,  Manganese,  325-339 
Mercury,  341-356 
photo  by,  570 
Deadwood  district,  218 

Death  Valley,  borate  deposits  in,  87-88,  89,  90 
gypsum  in,  234 
muscovite  from,  359 
salt  in,  486,  487 
talc  in,    625,  627,  633,  634 
map  showing,  624 
section  showing,  625 
trona  in,  539 
wollastonite  in,  696 
Death  Valley  talc  mine,  Inyo  County,  627,  633 
Declea  crushed  and  broken  stone  quarry,    San  Bernardino  County, 

photo  showing,  573 
Decleiville  granite  quarry,  San  Bernardino  County,  596 
Deepwater  Chemical  Co.,  producer  of  iodine,  241,  242,  243 
Defense  lead  mine,  Inyo  County,  284 
Defiance  calcite  group,  San  Diego  County,  99 
Defiance  lead-silver- zinc  mine,  Inyo  County,  282 
Del  Monte  Properties  Co.,  producer  of  biotite  concentrates,  359 
producer  of  feldspar,  197 
producer  of  specialty  sands,  562 

photo  showing  operations  of,  553,  560 
plant  flow  sheet,  560 
Del  Norte  County,  chromite  in,  123,  124,  125,  128,  129 
copper  from,  175 

crushed  and  broken  stone  from,  567,  573,  581,  584 
diamonds  in,  211 
mercury  in,  343,  344 
nickel  in,  395 

photo  showing  siHca  box  work  from,  395 
platinum  from,  431 
rare  earths  in,  472 
sand  and  gravel  in,  498,  503 
Democrat  barite  mine,  Nevada  County,  71,  72 
Denmark,  peat  in,  403 

pebbles  for  grinding  from,  27 
Desert  antimony  mine,  San  Bernardino  County,  36,  38 
Desert  Queen  gold  mine,  Kern  County,  219 
Devils  Gulch  barite  mine,  Mariposa  County,  72,  73 
Deweylite,  associated  with  magnesite,  315 
Diamond,  205,  208,  211 

as  abrasive,  27 
Diamond  Mountain  district,  218 
Diamond  Springs  district,  218 
Diaspore,  as  source  of  aluminum,  30 
Diatomite,  183-193,  574 

as  abrasive,  28 
Diatoms,    183 

photo  showing,  186 
Dicalite  Division,  Great  Lakes  Carbon  Corp.,  producer  of  diatomite,  183,  185, 

186,  187,  188,  190,  191 
Dietzite,  241 

Dike,  bituminous  rock,  64 

Dimension  stone,  565,  567,  568,  570,  571,  574,  591-606 
Diorite,  source  of  bauxite,  29 
Distillate,  from  coal,  266 
Dolerite,  source  of  bauxite,  29 
Dolomite,  293-306 

associated  with  magnesite,  315 
source  of  crushed  and  broken  stone,  569,  588 
source  of  magnesium,  313 
Domengine  formation,  coal  in,  153 

gypsum  in,  231 
Dominguez  oil  field,  iodine  from,  241 

Donna  pumice  deposit,  Inyo  County,  geologic  map  of,  437 
Dos  Rios  area,  coal  in,  161 

map  showing  coal  outcrops  in,  161 
Doiiglas  Flat  hydraulic  mines,  218 


Dow  Chemical  Co.,  producer  of  iodine,  241,  243 
Downieville  mines.  Sierra  County,  218,  224 
Dredging,  for  clay,  148,  150 

for  gold,  219.  221,  223 

for  platinum,  431 

for  tin,  645 
Drift  mining,  218,221 
Dry  gas,  373,  385 
Dry  ice,  production  of,  109-110 
Dumortierite,  275,  276.  279 
Dunite,  associated  with  chromite,  122,  125 
Dutch  Flat  mines.  218 


Eagle  Mountain  iron  deposit,    Riverside  County,  245,  248,  249,  252,  255,  257,  258 

photo  showing,  251,  252 
Eagle-Pitcher  Co.,    producer  of  gallium,  363 

producer  of  germanium,  364 
producer  of  zinc,  364 
Eagle-Shawmut  gold  mine,  Tuolumne  County,  216 
Early  Bird  copper  mine,  Shasta  County,  172 
East  Belt  gold  mines,  216-217 
East  Coalinga  Eocene  oil  field,  416 
Eclipse  talc  mine,  627,  633 
Eclogite,  garnet  from,  24 
Edison  oil  field,  409 
Edwin  clay,  136,  150 
Eel  River  district,  coal  in,  161 
Egenhoff  barite  claims,  Mariposa  County,  72,  73 
Eglestonite,  source  of  mercury,  341 
Egypt,  sodium  sulfate  from,  543 
Egyptians,  early  use  of  lead  by,  284 
Elder  feldspar  mine,  San  Diego  County,  196,  197 
El  Dorado  County,    chromite  in,  122,  123,  124,  125 
copper  in,  171,  176 

crushed  and  broken  stone  from,  567,  573,  574,  577,  586 
diamonds  in,  211 
dimension  stone  from,  599,  602 
gold  in,  216,  217,  218,  224 
limestone  in,  296,  297,  300 
nickeliferous  laterite  in,  396 
quartz  from,  464 
rare  earths  in,  472 
sand  and  gravel  in,  498 
soapstone  from,  631 
EI  Dorado  Limestone  Co.,  mine  at  Shingle  Springs,  300 
Electrum,  215,  529,  530 
Elgin  sulfur  mine,  Colusa  County,  614 
Eliza  Bagley  calcite  mine,  Modoc  County,  99 
Elk  Hilis  oil  field,  natural  gas  in,  377 

photo  showing  natural  gasoline  plant  at,  387 
El  Molino  gem  mine,  San  Diego  County,  209 
photo  of  beryl  from,  77 
El  Paso  smelters,  46 

El  Portal  barite  mine,  Mariposa  County,  71,  72 
Elsinore  district,  tin  in,  644 

Elsmere  Canyon  oil  field,  Los  Angeles  County,  63,  68 
Elwood  oil  field,  416 
Ely  Springs  dolomite,  talc  in,  627 
EmboUte,  95 

source  of  silver,  529 
Embree  uranium  property,  Kern  County,  678 
Emma  gold  mine,  Butte  County,  218 
Empire  gold  mine,  Nevada  County,  217 
Empire-Star  Mines  Co.,  Ltd.,    producer  of  gold,  217,  224 
Enargite,   source  of  arsenic,  45 
source  of  copper,  169 
source  of  germanium,  364 
Engels  copper  mine,  Plumas  County,  170,  171,  174 
Engine  sand,  557 

England,  Cornwall  stone  from,  197 
marble  from,  605 
strontium  minerals  from,  607,  Oil 
Epsomite,  source  of  magnesium,  315 
Epsom  salt,  320 

Erskine  Creek  antimony  deposits,  Kern  County,  36,  38 
Erythrite,  source  of  cobalt,  165 
Escondido  Quarries,  producer  of  dimension  stone,  595 

photo  showing  quarry,  595 
Esmeralda  gem  stone  mine,  San  Diego  County,  209,  210 
Espada  formation,  expansible  shale  in,  522 
Estrella  chromite  mine,  San  Luis  Obispo  County,  124 
Etchegoin  formation,  bituminous  rock  in,  62,  67 
Eureka  coal  seam,  157 
Eureka  (Nicolaus)  talc  mine,  629,  633 
Eureka  plumbago  mine,  Tuolumne  County,  227 
Eureka  quartzite,  464 

talc  in,  627 
Eureka  Slate  Co.,  producer  of  dimension  stone,  599 
Euxenite,  source  of  rare  eartlis,  468 

Evening  Star  (Bernice,  Rex)  tin  mine,  San  Bernardino  County,  643 
Excelsior  talc  mine,  627,  633 
Expansible  shale,  521-528 
Exposed  Treasure  gold  mine,  Kern  County,  219 
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Fairview  chromite  mine,  Siskiyou  County,  124 
Fairview  Valley  formation,  limestone  in,  297 
Fano  gem  mine,  209 

Fargo  gem  mine,  San  Diego  County,  210 
Federated  Malay  States,  tin  from,  641 
Federated  Metals,  marketers  of  arsenic,  46 
Feldspar,    195-200 

as  abrasive,  28 

associated  with  rare  eartlis,  468 
Ferberite,  source  of  tungsten,  655,  661 
Fergusonite,  source  of  rare  earths,  468 
Ferroalloys,  256-257,  263-266,  337 
Ferrosilicon,  as  heavy  medium,  257 

Ferro-Titan  mine,  Los  Angeles  County,  titanomagnetite  from,  649 
Fiddletown  district,  218 
FUter  sand,  558-559 
Finland,  granite  from,  605 

peat  in,  403 
Fire  clay,  133,  135-138,  145-146,  150,  151 
Fireflex  coal  mine,  San  Benito  County,  162 
Fire  Pulp  Plaster  Co.,  producer  of  gypsum,  238 

Fish  Creek  Mountains  gyp«ura  deposits,  Imperial  County,  233,  234,  238 

photo  showing,  233 
section  through,  233 
Fish  Springs  perlite  deposit,  Inyo  County,  441-443 
geologic  map  of,  442 
photo  showing.  443 
Flagging,  601.  602 
Flint,  as  grinding  pebbles,  27 
Florence  talc  mine,  Inyo  County.  629,  633 
Florida,  black  sands  from,  84,  85 
garnet  from,  24 
monazite  from,  635.  636 
peat  in,  403 
phosphates  from,  425 
titanium  from,  647,  649 
uranium  from,  671 
zircon  from,  707,  709 
Fluorite,  201-204 

associated  with  uranium,  671 
Fluorspar,    201-204 

used  in  Portland  cement,  116-117 
Flynt  Silica  &  Spar  Co..  producer  of  feldspar  and  quartz,  464 
Fontana  plant,    Kaiser  Steel  Corp.,  245,  255,  258,  259,  262,  265,  266,  267,  268, 
269,  270,  271 
photo  showing.  256,  257,  262,  265,  267,  270 
Fool's  gold,  169 

Foote  Mineral  Co.,  producer  of  lithium  compounds,  310 
Foresthill  mines,  218 
Formosa,  sulfur  from,  613 
Forsterite.  source  of  magnesium,  313 
Fouch  pumice  quarry,  Siskiyou  County,  436 

pkoto  showing,  435 
Foundry  sand,  557-558 

Four  Gee  talc  deposit,  San  Diego  County,  456 
France,  bauxite  in,  29,  30 
marble  from,  605 
pebbles  for  grinding  from,  27 
Franciscan  group,  carbon  dioxide  from,  108 
clay  from,  139 

crushed  and  broken  stone  from,  508,  569,  571,  572,  573.  574, 
580,  581 

photo  showing  quarry  for,  569,  o70 
dimension  stone  from,  596 
expansible  shale  in,  521,  524 
gold  in,  221 
graphite  in,  227 
limestone  in,  297,  299 
manganese  in,  327,  329,  330 
mercury  in,  341 
pyrrhotite  in,  452 
Frank's  Tract,  peat  from,  405 

photo  showing  peat  operations,  405 
Frazier  Mountain  gold  mine,  Ventura  County,  221 
Freibergite,  source  of  silver,  529,  530 
Fremont-Gover  gold  mine,  Amador  County,  216 
Fremont  Peak  barite  mine,  Monterey  County,  72,  73 
French  Corral  mines,  Nevada  County,  218 
French  Gulch  district,  218 

French  Hill  chromite  mine,  Del  Norte  County,  124 
French  Morocco,  cobalt  from,  165 

French  Ranch  antimony  deposits,  San  Benito  County,  36,  38 
Fresno  copper  mine,  Fresno  County,  170 
Fresno  County,  andalusite  in.  276 
bismuth  in,  79,  80 
californite  in,  211 
chromite  in,  123,  124 
copper  in,  170,  171 

crushed  and  broken  stone  from,  567,  579,  585 
diatomite  in,  185,  186 
dimension  stone  from,  593,  594 


feldspar  in,  197 

gem  stones  in,  213 

gypsum  from,  238 

magnesite  in,  315 

marl  from,  296,  299,  303 

mercury  in,  343 

natural  gas  in,  378,  382 

pebbles  for  grinding,  27 

petroleum  in,  412 

pumicite  from,  25 

quartz  from,  464 

sand  and  gravel  in,  498,  507 

tungsten  from,  661 

uranium  in,  678,  679 

zinc  from,  699 
Friant  formation,  pumice  in,  440 
Friday  nickel  mine,    San  Diego  County,  393 
pyrrhotite  from,  451 
geologic  map  and  sections  of,  452 
Frisco  talc  mine,  629 

Froom  Ranch  chromite  deposit,  San  Luis  Obispo  County,  124 
Fuel  oil,  from  coal,  266 
Fullers  earth,  133,  147-148,  151 
Full  Moon  sulfur  deposit.  Imperial  County,  614 
Furnace  Creek  formation,  colemanite  in,  87-88 
Furnace  hmestone,  297 


Galena,  associated  with  copper,  169,  174,  175 
source  of  lead,  281,  282,  284 
source  of  silver.  281,  282,  529,  532,  534 
Gallium,  363 

Gambetta,  P.  J.,  producer  of  peat,  405 
Ganim  gold  mine,  Shasta  County,  steatite  from,  631 
Canister,  157,  547,  554,  558 
Garbutt  and  Orcutt  gypsum  deposit,  Riverside  County,  234,  239 

photo  showing,  236 
Garfield-Thunderer  sUver  mine,  San  Bernardino  County,  530 
Garner  antimony  deposit,  San  Benito  County,  30,  38 
Garnet,  as  abrasive,  23-25,  85 
in  black  sands,  83,  84 
in  metamorphosed  limestone,  24 
Garnet,  gem,  205,  208,  209 

Garnet  Dike  tungsten  mine,  Fresno  County,  79,  80,  661 
Garnierite,  source  of  nickel,  391,  392,  393,  395,  396 
Gas,  natural,  see  Natural  gas 

Gasquet  quadrangle,  topographic  map  of  northwest  portion,  395 
Gaston  gold  mine,  Nevada  County,  217 
Gay,  Thomas  E.  Jr.,    Iron  industries,  245-274 
Sand  and  gravel,  495-520 
Specialty  sands,  547-564 
Stone,  crushed  and  broken,  505-590 
Gaylussite,  539 
Gem  stones,  205-214 

General  Dry  Batteries,  Inc.,  flowsheet,  334 
General  Metals  Corp.,  photo  showing  foundry,  562,  563 
General  Petroleum  Corp.,  producer  of  natural  gas,  377 
General  Refractories  Co.,  producer  of  silica  brick,  463,  464,  465 
General  Salt  Co.,  producer  of  iodine,  243 
Geomorphic  provinces,    12-15 

map  sliowing,  13 
Georgetown  district,  218 
Georgia,  asbestos  from,  51 
bauxite  from,  29 
granite  from,  605 
Georgia  Slide  district,  218 
Germanite,  source  of  gallium,  303 

source  of  germanium,  304 
Germanium,  363-364 
Germany,  boracite  in,  87 

cobalt  from,  165 
fluorspar  from,  201 
magnesium  chloride  from,  322 
montan  wax  from,  162 
peat  in,  403,  407 
sodium  sulfate  from,  645 
Gibson,  L.  J.  &  Bess,  producers  of  carbon  dioxide,  109 
Gibsonville  gold  mines,  Sierra  County,  218 
Gilsonite,  59,  09 

Gladding,  McBean  &  Co.,    producer  of  clay,  130,  137,  150 
producer  of  feldspar,  197 
producer  of  silica  brick,  404,  465 

producer   of   specialty   sands,    photo    showing    lone 
formation  in  pit  of,  555 
Gladstone  gold  mine,  219 
Glaserite,  477,  543 
Glass  sand,  554-555 
Glauberite,  543,  544 

Gleason  antimony  mine,  San  Benito  County,  36,  38 
Glenn  County,    chromite  in,  123,  124,  125 
natural  gas  in,  376,  378 
sand  and  gravel  in,  498 
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Glidden  Co.,  barite  mine,  Shasta  County,  72,  73 
Globe  district,  219 
Gold,    215-226 

associated  with  cobalt,  165 

associated  with  copper,  172,  173,  174,  175 

associated  with  lead-silvcr-zinc,  284 

associated  with  pyrites,  451 

associated  with  sand  and  gravel,  513 

associated  with  silver,  529,  530,  532 

associated  with  tungsten,  659 

associated  with  vanadium,  689,  690 

associated  with  zircon,  707 

in  black  sands,  83,  84 
Gold  Bank  gold  mine,  Butte  County,  217 
Gold  Cliff  gold  mine,  Calaveras  County,  216 
Gold  Knoll  geld  mine,  Calaveras  County,  217 
Gold-quartz,  gem,  208 
Gold  Run  mines,  218 

Golden  Center  gold  mine,  Nevada  County,  217 
Golden  Eagle  gold  mine,  219 
Golden  Gate  gold  mine,  Nevada  County,  217 
Golden  Queen  gold  mine,  Imperial  County,  219 
Golden  Queen  gold  mines,  Kern  County,  219 
Golden  State  Portland  Cement  Co.,  119 
Goldman,  Harold  B.,  Antimimy,  35-44 

Carbon  dioxide,  105-112 
Stone,  dimension,  591-606 
Goler  Gulch  district.  219 
Golinsky  copper  mine,  172 
Good  Hope  gold  mine.  Riverside  County,  219 
Goodsprings  dolomite,  fluorspar  in,  202 
Goodwin,  J.  Grant,  Arsenic,  45-48 

Cadmium,  97-98 
Minor  Tnetals,  363-366 
Gorman  district,  tin  in,  644  ^ 

Governor  gold  mine,  Los  Angeles  County,  221 
Grace  Darling,  antimony  mine,  Kern  County,  38 
Graham  Bros.,  Inc.,  photo  showing  quarry  of,  572 
Granada  mercury  mine,  349,  350 
Granite,  as  grinding  pebbles,  27 

(granitic  rocks),  as  crushed  and  broken  stone,  565-568 
(granitic  rocks),  as  dimension  stone,  592-596 
source  of  bauxite,  29 
Granite  Rock  Co.,  producer  of  crushed  and  broken  stone,  photo  showing  quarry,  569 
Grant  lead-silver-zinc  mine,  Inyo  County,  283 
Grantham  (Warm  Springs)  talc  mine,  631,  633,  634 
Graphic  granite,  208 
Graphite,  227-229 
Grass  Valley  district,  217 
Grau  chromite  mine,  Tehama  County,  124 
Gravel,  495-520 

Gray,  Cliifton  H.,  Jr.,  Tin,  641-646 
Gray  copper,  169 

Gray  Eagle  chromite  mine,  Glenn  County,  124,  125 
Gray  Eagle  copper  mine,  Siskiyou  County,  169,  170 
Gray  Eagle  magn^ite  mine,  Tuolumne  County,  321 
Gray  Eagle  talc  mine,  629 

Graystone  sandstone  quarry,  Santa  Clara  County,  596-597 
Great  Basin,  crushed  and  broken  stone  from,  570 

Great  Eastern  (Mount  Jackson)  mercury  mine,  Sonoma  County,  348,  349 
Great  Valley,  crushed  and  broken  stone  from,  574 
Great  Western  mercury  mine,  348 
Greece,  early  use  of  lead  in,  284 
Green  Mountain  gold  mine,  Plumas  County,  218 
Green  Mountain  quartz  crystal  mine,  Calaveras  County,  460 

cross  sections  through,  461 
map  showing  location  of,  459 
Green  Velvet  uranium  claim,  Inyo  County,  673 
Greenback  copper  mine,  Kern  County,  tm  in,  644 
Greenockite,  97 

Greenstone,  as  crushed  and  broken  stone,  565,  569,  572-573 
Grieg  granite  quarry.  Lassen  County,  595 
Griffin  gypsum  depKJsit,  231 
Grossularite,  as  abrasive.  24 
Guadalupe  mercury  mine,  Santa  Clara  County,  348 

photo  showing,  348 
Guano,  425 

Guerneville  district,  mercury  in,  341,  344 
Guijarral  Hills  oil  field,  416 
Gulch  sulfur  claims,  Inyo  County,  615 

photo  showing,  616 
Gummite,  671,  677,  678 

Gunsight  lead-silver-zinc  mine,  Inyo  County,  283 
Gunter  Canyon  barite  mine,  Inyo  County,  72,  73 
Gypsite,  231,  232,  235,  236,  237,  238,  239 
Gypsum,  231-240,  485.  486,  487 

associated  with  strontium  minerals,  607,  609 
ELSsociated  with  sulfur,  614,  615 
used  in  portland  cement,  116 
Gypsum  cement,  503 


H 

Hachinhama  Lake,  borates  in,  89 

Hafnium,  707-712 

Haiti,  bauxite  from,  29 

Halite,  477,  478.  483,  486,  539,  543 

Hammonton  district,  218.  224 

Hanksite.  477.  539.  543 

Harbison- Walker  Refractories  Co..  producer  of  silica  brick,  465 

Harding  beryl  mine,  New  Mexico.  75 

Harker  magnesite  mine,  Tulare  County.  321 

Harrison-Birdwell.Co.,  producer  of  crushed  and  broken  stone,  photo  showing  equip>- 

ment.  571 
Harshaw  Chemical  Co.,  producer  of  antimony,  42 
Hart,  Earl  W.,    Natural  gas,  373-384 

Natural-gas  liquids.  385-390 
Hart  clay  deposit,  San  Bernardino  County,  140,  145 
Harvard  gold  mine,  Tuolumne  County,  216 

quartz  from,  464 
Hasloe  gold  mine,  Mariposa  County,  217 
Hausmannite,  source  of  manganese,  325,  330 
Haven  Granite  Co.,  producer  of  poultry  grit,  578 

photo  showing  plant,  579 
Hayden  Hill  district,  219 

Hazel  Creek  gold  mine,  El  Dorado  County,  216 
Heather  calcite  group,  San  Diego  County,  99 
Heavy  minerals,  see  Black  sands 
Hectorite.  139,  150,  151 

lithia  from,  307 
Helvite,  beryllium  from,  75 
Hematite,  as  pigment,  255 

associated  with  ilmenite,  649 
associated  with  nickel,  392,  393,  395 
associated  with  tin,  643 
in  black  sands,  83,  84 
source  of  iron,  245,  248.  249,  255 
used  in  foundry  sands,  258 
Hemimorphite,  699 
Herrenschmidt  roasting  plant,  41 
High  Grade  district,  219 

High  Plateau  chromite  mine,  Del  Norte  County,  124 
Hill,  Mary,  photos  by,  30,  44,  74,  81,  140,  180,  186,  578,  613,  649 
Hill  Bros.  Chemical  Co.,  producers  of  calcium  chloride,  102 
Hilltop  antimony  mine,  Inyo  County,  36,  37 
Hilltop  iron  mine.  Trinity  County,  255 
Hilton  calcite  deposits,    San  Diego  County,  99-l(X) 

map  showing,  100 
Himalaya  gem  mine,  San  Diego  County,  208,  209,  210 
Hirz  Mountain  iron  deposit,  Shasta  County,  249 
Hite  gold  mine,  Mariposa  County,  217 
Hodge  volcanic  series,  mica  schist  in,  359 

quartzite  in,  463 
Hoffman  Estate  property,  San  Bernardino  County,  171 
Hoffman  Meadow  uranium  (bog)  deposits,  Fresno  County,  679 
Hogan-Mallery  (Meeke-Hogan)  tin  mine,  Kern  County,  643 
HolUday  chromite  mine,  Del  Norte  County,  124 
HoUoway,  H.  M.,  Inc.,   producer  of  gypsum,  231,  232,  239 

photo  showing  quarry,  238 
Holmestake  Mining  Co.,  fluorspar  prospect.  Riverside  County,  photo  showing,  203 
Holston  chromite  mine,  Tulare  County,  124 
Honolulu  Oil  Corp.,  producer  of  natural  gas,  377 
Hooper  bituminous  rock  quarry,  San  Mateo  County,  62 
Hopland  carbon  dioxide  field,  Mendocino  County,  108-109,  111 
Horn  silver.  529 

Hornet  copper  mine,  Shasta  County,  170 
Hornet-Richmond  copper  mine,  Shasta  County,  169,  171 
Horsetown  formation,  expansible  shale  in,  521 
Hosselkus  limestone.  296 
Howlite.  87,  88 
Howlite.  gem,  208 
Huebnerite,  655,  661 

Humacid  Co.,  producer  of  montan  wax,  161 
Humboldt  County,  copper  in.  176 

crushed  and  broken  stone  in,  567,  569,  584 
diamonds  in,  21 1 
graphite  in.  227 
manganese  in.  329 
natural  gas  in.  373,  376.  378 
nickel  in,  395 
peat  in,  403 
petroleum  in.  412 
platinum  from,  431 
rare  eartlis  in,  472 
sand  and  gravel  in,  498,  503 
Hungary,  bauxite  in,  29,  30 
Huntington  Beach  oil  field,    416 

natural  gas  in,  377 
natural-gas  liquids  from,  385 
Huntley  Industrial  Minerals.  Inc.,    producer  of  clay,  140 

producer  of  garnet.  24 
producer  of  pyrophyllite.  359,  455 
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Husky  Oil  Co.  experimental  plant,  photo  showing,  65 

Hydraulic  cement,  116,  119 

Hydraulic  mining,    218.  219.  221.  223.  431 

for  clay,  148,  150 
Hydrocarbon  minerals,  59 
Hydrogrossular.  123 

Hydromagnesite.  source  of  magnesium,  313 
Hypnum  p>eat,  406 


Ibex  talc  mine,  627.  633 
Iceland  spar,  99 
Idaho,  antimony  from,  35 
bismuth  from,  69 
black  sands  from,  84,  85 
cobalt  from,  165,  166,  167 
garnet  from,  24 
monazite  in,  467,  635,  636 
phosphates  from,  425,  426,  428,  429 
sulfur  from,  613 
titanium  from,  647 
uranium  from,  671 
vanadium  in.  689 
vermiculite  from,  357 
zircon  from,  712 
Idaho  Garnet  Abrasive,  producer  of  garnet,  24 
Idaho  gold  mine,  Nevada  County,  217 

Idaho-Maryland  gold  mine,  Nevada  County,  tungsten  in,  661 
Idaho-Maryland  Mines  Corp.,  producer  of  gold,  217,  224 
Ideal  Cement  Co.,  119,  120 
Idobromite,  95 
Idocrase,  gem.  205,  208,  211 
Illinois,  fluorspar  from,  204 
peat  in,  403 

specialty  sand  from,  547,  553,  558,  564 
lUites,  131,  133,  139 

Ilmenite,  associated  with  copper,  169,  174 
associated  with  zircon,  707,  709 
in  black  sands,  83,  84,  85 
source  of  titanium,  84,  85,  647,  649,  653 
vanadium  in,  689 
Imperial  Carb-Ice  Corp.,  producer  of  carbon  dioxide,  106 
Imperial  County,   bloedite  in,  315 

calcium  chloride  in  artesian  well  in,  101 
carbon  dioxide  from,  105,  106-108,  111 
crushed  and  broken  stone  in,  567 
gold  in.  219 
gypsum  from,  231,  233 
kyanite  from,  275,  276-277 
limestone  in,  297 
manganese  from,  325,  330,  331 
mica  from,  357,  359,  360 
nickeliferous  laterite  in,  396 
pumice  from.  441 
quartz  in,  464 
sand  and  gravel  in,  498 
sodium  sulfate  from,  543,  544 
specialty  sand  in.  557,  559 
sulfur  from,  613,  614 
wollastonite  in,  695 
Imperial  Gypsum  Corp..  producer  of  gypsum.  238 
Imperial  Salt  Works,  producer  of  salt.  486 
Imus  pyrophyllite  deposit,  Inyo  County,  456 
Inconel,  396 
India,   apatite  from,  425 

kyanite  from,  275,  279 
manganese  from,  327 
monazite  from,  467,  473,  636 
muscovite  from.  357,  360 
pumice  from,  26 
zircon  from,  707 
Indian  Diggings.  EI  Dorado  County,  218 
Indian  Springs  gold  mine,  Butte  County,  218 
Indian  Valley  gold  mine.  Plumas  County,  218 
Indiana,  peat  in.  403 
Indium,    363,  364 

alloyed  with  lead,  284 
Indonesia,    nickel  from,  392 
sulfur  from,  613 
tin  from,  645 
Industrial  Chemical  Corp..  producer  of  magnesium  compounds,  322 
Inerto  Co.,  producer  of  hectorite.  139-140 
Inglewood  oil  field,  iodine  from,  241 
Inland  Oil  Co.,  producer  of  uranium,  673 
Inland  Steel  Co..  producer  of  coal,  157 
Insulating  Aggregates,  producer  of  pumice,  439 
International  Minerals  &  Chemical  Corp.,  producer  of/perlite,  443 
Inyo  Chemical  Co.,  producer  of  soda  ash,  479 


Inyo  County,  antimony  in,  35,  36,  37,  39 

asbestos  in,  54 

barite  in,  72,  73 

beryllium  in,  75,  76.  77 

borate  deposits  in,  87,  88,  89,  90 

cadmium  in,  97 

clay  from,  139.  147,  148,  150 

cobalt  from,  165 

copper  from,  169.  171.  174-175 

crushed  and  broken  stone  from,  567,  571,  574,  579,  588 

diatomite  in,  186 

dimension  stone  from,  597,  599 

feldspar  in.  197 

fluorspar  in,  201 

garnet  from,  24 

geologic  map  of  Olancha  area,  672 

gold  in.  218,  219,  224 

lead  from.  281 

limestone  in,  298.  299 

map  showing  lead  deposits  in,  289 

map  showing  talc  deposits  in.  626 

mercury  in.  343,  344 

molybdenum  from,  367,  368,  370 

muscovite  from,  359 

nitrates  in,  401 

peat  in,  403 

perlite  in,  438,  441-443.  444 

phosphates  in,  426 

photo  of  beryl  from,  77 

pumice  and  pumicite  in,  435,  438,  439-440 

pumicite  from,  25 

pyrophyllite  from,  455,  456 

quartz  crystal  from,  212 

quartzite  in,  463,  464 

salt  in,  487 

silver  in,  529,  530,  532 

sulfur  from,  613,  614-615,  621 

talc  from,  625,  627-629,  634 

tungsten  from,  657,  658 

uranium  in,  673 

volcanic  cinders  in,  435,  438,  441 

wollastonite  in,  693,  695,  69G 

zinc  in,  699,  701,  702 
Inyo  Development  Co.,  producer  of  soda  ash,  478 
Inyo  Marble  Co.,  producer  of  dimension  stone,  599 
Inyoite,  source  of  boron,  87 
Iodine,  241-243 
lone  district,  clay  in,  135-13G,  150,  151 

coal  from,  153,  158-101,  162 

cross  section  through,  136 
lone  formation,  clay  in,  30,  135,  136,  150 
coal  in,  153,  158 
specialty  sand  in,  555,  558,  563 
lone  Red  clay,  136 
lone  sand,  136 
Iowa,  peat  in,  403 
Iowa  Hill  mines,  218 
Ireland,  peat  in,  403 
Iridium,  431-432 
Iron,  cobalt  associated  with,  165 

used  in  portland  cement,  116 
Iron  Age  iron  deposit,  San  Bernardino  County,  245,  252,'^255,  258 
Iron  balls,  as  grinding  pebbles,  27 

Iron  Hat  (Ironclad)  iron  deposit,  San  Bernardino  County,  249 
Iron  industries,  245-274 

Iron  King  iron  deposit,  San  Bernardino  County,  249 
Iron  Mountain  mine,  Kern  County,  tin  in,  644 

Iron  Mountain  copper  mine,  Shasta  County,  170,  171-172,  175,  177 
map  of,  451 
photo  showing,  453 
pyrite  in,  449 
silver  from,  529 
Iron  Mountain  (Bessemer)  iron  deposit,  San  Bernardino  County,  245,  249,  254, 

255,  258 
photo  showing,  253 
Iron  Mountain  (Silver  Lake)  iron  deposits,  San  Bernardino  County,  245,  249,  252, 

255,  258 
Ironclad  (Iron  Hat)  iron  deposit,  San  Bernardino  County,  249 
Isabella  district,  tin  in,  644 

Island  Mountain  copper  mine.  Trinity  County,  170 
Isobutane,  385 
Italy,  asbestos  from,  51 
bauxite  in,  30 
fluorspar  from,  201 
iodine  in,  241 
marble  from,  605 
mercury  from,  349 
sassolite  in,  87 
sodium  sulfate  from,  543 
sulfur  from,  613 
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Jack  Sprat  chromite  group,  Fresno  County,  124 
Jade,  gem,  205.  208,  212 

photo  ahowing  blocks  being  sawed,  212 
Jadeite,  212 

Jahns,  Richard  H.,  photos  by,  77,  138,  209 
Jamaica,  bavixite  from,  29 
Jamison  gold  mine,  Plumas  County,  217 
Jamul  Portland  Cement  Works,  119 
Jamul  Ranch  cement  plant,  294 

photos  showing  kiln,  110,  117 
Japan,  ilmenite  in,  647 

iodine  from,  241,  243 
pyrites  from,  449 
sulfur  from,  613 
Jasper,  gem,  213 

Jasper  Stone  Co.,  producer  of  grinding  pebbles,  27 
Java,  iodine  in,  241 

Jenifer  sodium  borate  mine,  San  Bernardino  County,  90 

Jenkins,  Olaf  P.,  Natural  environment  of  the  mineral  resources  of  California,  11-19 
Jeanette  Grant  mine,  Kern  County,  tin  in,  044 
Jennette-Grant  antimony  mine,  Kern  County,  36,  38 
Jennings,  Charles  W.,    Asphalt  and  bituminous  rock,  59-70 
Coal,  153-164 
Peat,  403-408 
Petroleum,  409-424 
Jens  feldspar  mine,  Monterey  County,  197 
Joe  Walker  gold  mine,  Kern  County,  219 
Johns-Manville  Co.,  prospecting  for  asbestos,  53 
Johns-Manville  diatomite  quarry,  photo  showing,  187 

photo  showing  haulage  train  in,  188 
photo  showing  loading  of  overburden  in,  187 
photo  of  fossil  fish  found  in,  180 
Johns-Manville  Products  Corp.,  producer  of  diatomite,  183,  186,  188,  189 
Johnsville  district,  217 
Julian  district,  221 

Jumper  gold  mine,  Tuolumne  County,  216 
Juniper  gold  mine,  Lassen  County,  219 


Kaibab  formation,  gypsum  in,  234 

Kaiser  Aluminum  &  Chemical  Corp.,  processing  plant,  photo  of,  298 

producer  of  aluminum,  32 
producer  of  ferroalloys,  257,  265 

photo  of  plant,  272,  273 
producer  of  magnesia,  316,  323 

flowsheet  of  Moss  Landing  plant,  318 
photo  showing  Moss  Landing  plant,  316 
photo  showing  brick  press,  320 
producer  of  quartz,  464 
Kaiser  Co.,  Henry  J.,  producer  of  crushed  stone,  photo  showing  quarry,  507,  510 
Kaiser  Magnesium  Co.,  producer  of  magnesium,  265,  316 
Kaiser  Steel  Corp.,  producer  of  ammonium  sulfate,  401 

producer  of  blast  furnace  slag,  268,  269,  270 
producer  of  coke,  266,  267,  268 
producer  of  ferroalloys,  265 
producer  of  steel,  245,  252,  255,  259.  200,  262 
Kammererite,  122 
Kansas,  cadmium  in,  97 
KaoUn,  133,  138.  143.  145,  151 
as  abrasive,  28 

flowsheet  of  beneficiation  plant,  143 
Kaolinites,  131.  133 

Kate  Hardy  gold  mine.  Sierra  County,  217 
Katerina  gem  mine,  San  Diego  County,  209,  210 
Katz  soapstone  deposit,  Los  Angeles  County,  631 
Keane  Wonder  mine,  Inyo  County,  219 
Kelly  (California  Rand)  silver  mine,  San  Bernardino  County,  529,  530,  531,  532 

mill  flowsheet,  533 
Kennecott  Copper  Corp.,  producer  of  selenium,  305 
Kennedy  gold  mine,  Amador  County,  210 
section  through,  216 
Kennedy  Minerals  Co.,  producer  of  muscovite,  359 
Kennett  limestone,  295,  296 
Kentucky,   ball  clay  from,  145,  151 
bituminous  rock  from,  69 
fluorspar  from,  204 
Kenya,  graphite  from,  229 
Kergon  uranium  mine,  Kern  County,  678 
Kern  County,   antimony  in,  35,  36,  37-38,  39 
benitoite  from,  211 
bismuth  in,  79 

bituminous  rock  in,  59,  61,  02,  67 
cement  from,  118,  119,  120 
clay  in,  131,  139,  140 
copper  from,  169 

crushed  and  broken  stone  from,  567,  573,  575,  585 
diatomite  in,  186 
dimension  stone  from,  597 
feldspar  in,  197 


fluorspar  in,  201 
gold  in,  219,  224 
gypsum  from,  231,  238,  239 
mercury  in,  343,  344 
natural  gas  in,  376,  377,  378,  382 
perlite  in.  444 
petroleum  in,  412,  413 
pumicite  in,  25,  26,  441 
quartz  in,  464 
quartz  crystal  from,  460 
rhodonite  in,  213 
salt  in,  486 

sand  and  gravel  in,  498,  507 
silver  in,  529,  530 
sulfur  from,  613,  615 
tin  from.  643.  644 
tungsten  from.  661 
uranium  in,  671,  675,  070,  077-679 
vanadium  in,  689,  690 
wollastonite  from,  693 
Kern  Lake,  gypsum  in,  231 
Kernite,   associated  with  lithium,  307 

source  of  boron,  87,  88,  89 
Kernville  district,  tungsten  in,  661 
Kerogen,  59 

Kervin  uranium  claim,  Kern  County,  678 
Kettleman  HiUs  oil  field,  410 

natural  gas  in,  377 
natural-gas  liquids  from,  385 
photo  showing  North  Dome,  424 
Keystone  copper  mine,  Shasta  County,  170,  171 
Keystone  gold  mine,  Amador  County,  216 

Keystone  Union  copper  mine,  Calaveras  County,  170,  171,  174 
King  Solomon  gold  mine,  Siskiyou  County,  219 
Kings  County,  crushed  and  broken  stone  from,  574,  587 
magnesite  in,  315 
mercury  in,  343 
natural  gas  in,  370,  378,  382 
petroleum  in,  413 
Kingston  Range,  talc  in,  627.  033.  634 
Kingston  Range  (Beck)  iron  deposits.    San  Bernardino  County,  249 

photo  showing,  253 
Klamath  Mountains,  asbestos  in,  54 
chromite  in,  123 

crushed  and  broken  stone  from,  567.  570 
garnet  from.  24 
gold  in,  218-219 
graphite  in,  227 
lead  from.  284 
limestone  in,  296 
manganese  in,  325 
mercury  in.  343 
nickeliferous  laterite  in,  395 
quartz  in,  403,  404 
quartzite  in,  463 
zinc  in,  699 
Klondyke  perlite  area,  San  Bernardino  County,  443 

geologic  map  of,  444 
Knowles  granite  quarry,  Madera  County,  594 
Knox  antimony  deposits,  Merced  County,  36,  38 
Knoxville  district,  geologic  section  across,  344 

mercury  in,  341.  344 
Knoxville  group,  expansible  shale  in,  521 

mercury  in,  341 
Knoxville  mercury  mine,  348 
Koehn  Lake,  borates  in,  87,  89 
gypsum  from,  239 
salines  in,  486 
Korea,  bismuth  in,  79 

tungsten  in,  666 
Kramer  district.  89,  90,  91 
Kreyenhagen  formation,  bentonite  in.  139 
diatomite  in,  185 
gypsum  in.  231 
Kundert,  Charles  J.,    Barite,  71-74 

Phosphates,  425-429 
Kunzite,  209,  210,  307 
Kyanite,  275-280 


La  Borde  feldspar  deposit.  Riverside  County,  197 

La  Brea  barite  mine.  Santa  Barbara  County.  72,  73 

La  Grange  district,  218 

La  JoUa  formation,  expansible  shale  in,  522 

La  Paterna  bituminous  rock  mine,  Santa  Barbara  County,  63 

La  Porte  district,  218 

Lacey  chromite  mine,  Fresno  County,  124 

Lackenbach,  Bob,  photo  by,  593 

Ladd  formation,  expansible  shale  in,  522 

Ladd  manganese  mine,    San  Joaquin  County,  325,  327,  329-330 
geologic  section  across,  329 
photo  showing,  329.  330 
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Lake  beds,  borates  from,  88,  89,  90 
clay  from,  139 
diatomite  in,  183,  18G 
gypsum  from,  231,  233 
magnesite  in,  313 
marl  in,  299 
pumicite  from,  25 
sodium  sulfate  in,  543 
uranium  from,  671,  676 
Lake  County,   asbestos  in,  53 

borates  in,  87,  89 
carbon  dioxide  in,  109 
chromite  in,  124 

crushed  and  broken  stone  in,  567 
curtisite  in,  59 
fluorspar  in,  201 
gem  stones  from,  208 
manganese  in,  329 
mercury  in,  341,  343 
posepnyte  in,  59 
quartz  crystal  from,  212 
sand  and  gravel  in,  498 
sodium  carbonate  in,  539 
sulfur  from,  613,  614-615 
Lambert  chromite  mine,  Butte  County,  123,  124,  125 
Lang  (Lost  Horse)  copper  mine.  Riverside  County,  79,  80 
Langdon  manganese  deposit.  Riverside  County,  331 
Laredo  antimony  smelter,  flow  sheet  of,  42 
Lassen  County,  cruslied  and  broken  stone  from,  587 
dimension  stone  from,  593,  595 
gold  in,  218,  219 
sand  and  gravel  in,  498 
uranium  in,  671,  673 
Lassen  Volcanic  National  Park,  sulfur  in,  616 
Last  Chance  district,  218 
Laterite,  formation  of,  30 
photo  showing,  30 
source  of  iron,  254 

source  of  nickel,  392-393,  395-396,  398 
Lateritic  nickel  deposit,  diagrammatic  sketch  of,  393 
Lateritic  soils,  bauxite  in,  29 
Lautarite.  241 

Lava  Cap  gold  mine,  Nevada  County,  217 
Lazulite,  associated  with  fluorspar,  201 
Lazurite,  gem,  205 
Lead,    281-292 

associated  with  cobalt,  165 
associated  with  copper.  174,  175 
associated  with  gold,  219 
associated  with  iodine.  241 
associated  with  molybdenum,  367 
associated  with  selenium,  365 
associated  with  silver,  529 
associated  with  zinc,  699 
Leona  Heights  mineral  paint  deposits,  Alameda  County,  256 
Leona  Heights  pyrite  mine,  Alameda  County,  451 
Leona  Mining  Co.,  producer  of  pyrite,  451 
Leona  rhyolite,  pyrite  in,  449 
Lepidolite,  source  of  cesium,  363 

source  of  lithium,  307.  310,  311,  357 
source  of  rubidium.  363 
Leslie-California  Salt  Co.,  producer  of  salt.  491 
Leslie  Salt  Co.,   producer  of  salt,  95,  319,  483.  485,  491 
aerial  photo  showing  plant,  484 
flowsheet  of  washer,  487 

photo  showing  harvesting  machine  in  operation,  486 
Leslie  Salt  Refining  Co.,  producer  of  salt,  489,  491 
Leucite,  aluminum  produced  from,  30 
Leviathan  sulfur  mine,    Alpine  County,  613-614 
photo  showing.  614 
photo  showing  specimen  from,  613 
selenium  from,  365 
Leviathan  Sulphur  Co.,  producer  of  sulfur.  614 
Lightweight  aggregates,  433,  440,  441,  503,  525 
Lignite,  30,  153-164 

associated  with  clay,  138 
associated  with  uranium.  671 

photo  showing  exposure  in  Alberhill  clay  mine,  138 
photo  showing  exposure  in  mine  near  lone,  158 
Lime,    481 

as  abrasive,  28 
Lime  products.  293-306 
Limestone,  293-306 

as  crushed  and  broken  stone.  565,  569-571,  574,  58S 
as  dimension  stone.  597-599 
used  in  Portland  cement,  115-116 
Limestone,  clay-bearing,  source  of  bauxite,  29 
I.imonite,  as  pigment,  255,  256 

associated  with  kyanite,  277 
associated  with  nickel,  392,  393 
source  of  iron,  245,  249 
tin  in,  643 
Linarite,  281 
Lincoln  area,  clay  in,  135-136,  151 


Lincoln  Clay  Products  Co.,  Inc.,  producer  of  clay,  136 
Line  rock,  208,  210 

Linnaeite,  source  of  cobalt,  165 

Lions  Den  mercury  mine,  Santa  Barbara  County,  photo  showing,  349 

Liquefied  petroleum  gases,   385 

photo  showing  burner  using,  389 
Lithium,  307-312 
Lithium  carbonate,  478-479 
Lithium  compounds,  307-312 

Lithium  Corporation  of  America,  producer  of  lithium  compounds,  310 
Little  Antelope  Valley  clay  deposit,    Mono  County,  145 

photo  showing,  140 
Little  Castle  Creek  chromite  deposit,  Shasta  County,  123,  124,  125 
Little  Maria  Mountains  gypsum  deposits,  Riverside  County,  234,  236,  238,  239 

geologic  section  through,  235 
Little  Sister  tungsten  mine.  Inyo  County,  76 
Little  Three  gem  mine.  San  Diego  County,  209 
Live  Oaks  (black  sands)  mine,  Los  Angeles  County,  84 

titano-magnetite  from,  649,  650 
Livermore  ganister,  157,  554,  558 

Livermore  Rock  &  Gravel  Co.,  photo  showing  dry-pit  operation,  508 
Lollingite.  source  of  arsenic,  45 
Loftus  barite  claims,  Shasta  County,  72,  73 
Loma  Blanca  asbestos  mine,  Shasta  County,  54 
Lomita  marl,  phosphate  in,  426 

Lompoc  area,  Santa  Barbara  County,  geologic  map  of,  185,  187 
Lompoc  diatomite  deposits,  Santa  Barbara  County,  183,  187 
London  chromite  mine,  San  Luis  Obispo  County,  124 
Lone  Star  copper  mine,  Shasta  County,  172 
Long  Beach  oil  field,   iodine  from,  241 

natural  gas  in,  377 

natural-gas  liquids  from,  385 
Long  Beach  Salt  Co.,  photo  showing  Saltdale  plant  of,  489 
Los  Aniigos  uranium  claim,  Kern  County,  678 
Los  Angeles  Brick  &  Clay  Products  Co.,  producer  of  clay,  137 
Los  Angeles  County,   anorthosite  in,  197 

barite  in.  72,  73 

bituminous  rock  in,  59,  61,  63,  68-69 

black  sands  in,  84 

borate  deposits  in,  87,  90 

clay  from,  139 

coal  in,  162 

corundum  in,  26 

crushed  and  broken  stone  from,  567,  569,  571,  572,  573, 
574,  575,  580,  585 

diatomite  in,  185,  188 

dimension  stone  from,  596,  597,  600,  601 

expansible  shale  in,  522 

fluorspar  in,  201 

gold  in,  221,  223 

graphite  from,  227 

gypsum  from,  231,  234 

iodine  from,  241 

magnesium  compounds  from  sea  water,  322 

natural  gas  in,  373,  378,  382 

petroleum  in,  413 

phospliates  in,  426 

quartz  from,  464 

rare  eartlis  in,  472 

rhodonite  in,  213 

sand  and  gravel  in,   498,  502,  507,  508,  509,  511,  512,  514 
515,  516 

soapstone  from,  623,  631,  633 

specialty  sands  from,  553,  554,  559 

titaniferous  magnetite  from,  255 

titanium  from,  647,  649,  650 

zinc  from,  701,  702 
Los  Burros  district,  221 
Los  Prietos  district,  mercury  in,  343 
Lost  Hills  gypsum  deposits,  232 
Lost  Horse  copper  mine.  Riverside  County,  79,  80 
Louisiana,    iodine  from,  243 

natural-gas  liquids  from,  387 
petroleum  in,  422 
sulfur  from,  613.  618 
Lowell  Hill  mines,  Nevada  County,  218 
Lucky  Seven  Uranium  claim,  Kern  County,  678 
Lucky  Strike  clxromite  mine,  Lake  County,  124 
Lucky  Three  mine,  Kern  County,  tin  in,  644 
Lundy  district.  218 

Lydon,  Philip  A.,  Sulfur  and  sulfuric  acid,  613-622 
Titanium,  647-654 

M 

Mable  H  quartz  crystal  mine,  Tulare  County,  460 
Macadam,  use  of  sand  and  gravel  in,  495 
Machado  feldspar  deposit.  Riverside  County,  197 
Mack  gem  mine,  San  Diego  County,  209 
Mad  Mule  gold  mine,  Shasta  County,  219 
Madagascar,    corundum  from,  26 

graphite  from,  227,  228 

kunzite  from,  210 

rutile  in,  647 
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Madera  County,  andalusite  in,  276 

copper  from,  169,  170,  171 
crushed  and  broken  stone  from,  507,  568,  587 
dimension  stone  from,  593,  594 
iron  in,  247,  248 
natural  gas  in,  376,  379 
pumice  and  pumicite  in,  435,  440-441 
pumicite  from,  25 
sand  and  gravel  in,  498 
tungsten  from,  661 
volcanic  cinders  in,  435 
Madison  Sand  &  Gravel  Co.,  producer  of  sand  and  gravel,  photo  showing  opera- 
tion of,  510,  517 
Madrid  chromite  mine,  Calaveras  County,  124 
Magalia  channel,  218 
..  Maenesia»  as  abrasive,  28  . 

'  MgjCnesite,  source  of  magnesium,  293,  313  -* 
Magnesium,  293,  313-323 

associated  with  nickel,  391,  392 
Magnesium  compounds,  313-323,  485 
Magnetite,  as  heavy  medium,  257 

associated  with  copper,  169,  174 
in  black  sands,  83,  84 
source  of  iron,  245,  248,  249,  255 
used  in  foundry  sands,  258 
Mahary  and  Houghthawoth  antimony  mine,  Kern  County,  36,  38 
Maine,    feldspar  from,  195 

minor  metals  from,  363 
peat  in,  403 
Malachite,  associated  with  fluorspar,  201 

source  of  copper,  169 
Malaga  mudstone,  phosphate  in,  426 
Maltby  Co.,  Ltd.,  C.S.,  producer  of  magnesite,  321 
Malvina  gold  mine,  Mariposa  County,  216 
Mammoth  Copi>er  Co.,  producer  of  zinc,  701 

Mammoth  copper-zinc  mine,  Shasta  County,  170,  171,  172-174,  175,  699 
Manchuria,  magnesite  in,  313 
Manganese,  325-339 

as  steel  alloy,  259,  263,  337 
associated  with  cobalt,  165 
Manganese  Chemical  Corp.,  334 
Manganese  dioxide,  as  abrasive,  28 
Manganite,  source  of  manganese,  325,  329,  331 
Manning  Bros.  Rock  &  Sand  Co.,  aerial  photo  of  quarry,  512 
Marble,  as  crushed  and  broken  stone,  565,  569-571,  574,  578 

as  dimension  stone,  597-599 
Marcasite,   449 

associated  with  mercury  deposits,  341 
Marchio,  M.  J.,  producer  of  specialty  sand,  photo  showing  operations,  557,  559 
Maria  formation,  woUastonite  in,  693 
Maricopa  shale,  gypsum  in,  231 
Marin  County,   bituminous  rock  in,  61,  62 

crushed  and  broken  stone  from,  567,  569,  572,  580,  584 
dimension  stone  from,  600 
expansible  shale  in,  522,  524 
mercury  in,  343 
.  neplirite  in,  212 
sand  and  gravel  in,  502,  510 
Marine  Chemical  Co.,  producer  of  magnesium  compounds,  318,  322 
Marine  Magnesium  Products  Division,  Merck  &  Co.,  Inc.,  producer  of  magnesium 

compounds,  318-319,  322 
Mariposa  County,    barite  in,  71,  72,  73 
copper  in,  171 

crushed  and  broken  stone  from,  573,  574,  587 
dimension  stone  from,  599,  600 
gold  in,  216-217 
limestone  in,  297 
mica  from,  357,  359 
quartz  from,  265,  464 
quartz  crystal  from,  212,  460 
sand  and  gravel  in,  498 
zinc  in,  699,  702 
Mariposa  formation,    crushed  and  broken  stone  from,  574,  577 

dimension  stone  from,  599 
Mariposa  gold  mine,  Mariposa  County,  216 
Mariposa  slate,  gold  in  veins  in,  216 
Mariposite,  215 

Mar  John  cobalt  property,  Calaveras  County,  165 
Markeley  talc  mine,  633 
Marl,  293,  296,  299 
Mamiatite,  699 

Marquat  Estate  antimony  deposit,  San  Luis  Obispo  County,  36,  38 
Marsh  gas,  373 
Marter-White,  359,  360 

Mary  Harrison  gold  mine,  Mariposa  County,  216 
Maryland,  chromite  in,  128 

Marysville  Buttes  natural  gas  field,  Sutter  County,  377 
Masonic  district,  219 
Matheson  gold  mine,  Butte  County,  217 
Matthews  bituminous  rock  quarry,  San  Benito  County,  62 
May  Lundy  gold  mine.  Mono  County,  218 
Mayacmas  district,  mercury  in,  341,  344 


Maywood  Chemical  Works,  producer  of  litliium  compounds,  310 
McClellan  &  Sons,  R.  W.,  producer  of  peat,  405 
McCtellan  granite  quarry,  Madera  County,  594 
McCloud  limestone,  296,  299 

McCormick  chromite  mine,  Tuolumne  County,  124,  125 
McGillivray  granite  quarry,  Madera  County,  594 

McGilvray  Stone  Co.,  producer  of  dimension  stone,  photo  showing  quarry,  597 
McGuffy  Creek  chromite  deposit,  Siskiyou  County,  125 
McLean  soapstone  mine,  Butte  County,  631 
McLure  shale,  crushed  and  broken  stone  from,  574 
McNear  Brick  Co.,  producer  of  expansible  shale,  521,  524,  525 
McSorley  quartz  crystal  mine,  Calaveras  County,  460 
Meeke-Hogan  (Hogan-Mallery)  tin  mine,  Kern  County,  643 
Mendocino  County,  bituminous  rock  in,  59,  61,  62,  67-68 
black  sands  in,  84 

carbon  dioxide  from,  105,  108-109,  111 
coal  in,  161 

crushed  and  broken  stone  in,  567,  569,  584 
graphite  in,  227 
jade  from,  212 
magnesite  in,  315 
manganese  in,  329 
sand  and  gravel  in,  498,  503 
Merced  County,  antimony  in,  35,  36,  37,  38 
cement  from,  120 
gold  in,  218 
mercury  in,  341 
sand  and  gravel  in,  498,  507 
Merced  formation,  crushed  and  broken  stone  from,  574 
Mercury,  341-356 

Mesa  Grande  gem  mine,  San  Diego  County,  209 
Mesa  Grande  pegmatite  district,  208,  209,  210 
Mesabi  Range,  ir-n  in,  245 
Meta-autunite,  678 
Metacinnabar,  source  of  mercury,  341 
Metatorbernite,  669,  671,  673 
Metazeunerite,  669,  671,  673 
Meteorites,  nickel  in,  391 
Mexico,  antimony  from,  35,  44 
arsenic  from,  45,  46 
bismuth  from,  79 
carbon  dioxide  in  oil  wells,  106 
fluorspar  from,  201,  204 
graphite  from,  227,  228,  229 
Iceland  spar  from,  99,  100 
limestone  in,  297 
onyx  marble  from,  605 
petroleum  from,  410 
selenium  from,  365 
strontium  minerals  from,  607,  611 
sulfur  from,  613 
titanium  from,  647,  649 
vanadium  in,  690 
Meyerhofferite,  source  of  boron,  87 
Miargyrite,  source  of  silver,  529,  530 
Mica,    357-362 

associated  with  feldspar,  198 
Mica  schist.  357-362 

as  dimension  stone,  600 
Micatalc  mica  schist  deposit,  Imperial  County.  359,  360 
Michigan,    bromine  from,  95 

calcium  chloride  from,  101 
magnesium  brines  of,  313 
salt  in,  483 
Michigan  Bluff  mines,  218 
Microcline,  195 

Midas  gold  mine,  Shasta  County,  219 
Midway-Sunset  oil  field,  410 

natural  gas  in,  377 
natural-gas  liquids  from,  385 
Milkmaid  gold  mine,  219 
Millerite,  source  of  nickel,  391 
Mineral  King  district,  zinc  in,  701 
Mineral  Materials  Co.,    producer  of  pyrophyllite,  455 

producer  of  quartzite.  463 
Mineral  paint,  256 
Mineral  Wool  Insulations  Co.,  producer  of  mineral  wool, 

photo  of  furnace,  272 
Minnesota,  granite  from,  605 
peat  in.  403 

pebbles  for  grinding  from,  27 
Minnesota  Mining  &  Manufacturing  Co.,  Riverside  County, 

photo  showing  tiuarry.  575 
producer  of  abrasives,  28 
Minor  metals,  363-366 
Mirabilite.  486,  543,  544 

a-ssociated  with  selenite,  233 
Miracle  uranium  mine,    Kern  Coimty,  678 

photo  showing,  678 
Mispickel,  45 

Mississippi,  bauxite  from,  29 
Mississippi  Valley,  cobalt  from,  165 
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Missouri,    barite  from,  71 

bituminous  rock  from,  69 
cadmium  in,  97 
cobalt  from,  165 
lead  in,  285 

specialty  sands  from,  553 
zinc  from,  699 
Mistake  chromite  mine,  Fresno  County,  124 
Modelo  formation,  crushed  and  broken  stone  from,  574 
Modoc  County,  diatomite  in,  186 
gold  in,  219 
Iceland  spar  from,  99 
peat  in,  403,  406 
perlite  in,  444 
salt  in.  486 

volcanic  cinders  from,  437-438 
Modoc  district,  lead  in,  284 
Modoc  Peat  Moss  Co.,  producer  of  peat,  406 
Mogul  district,  218 

Mohawk  copper  mine,  Plumas  County,  uranium  in,  673 
Mohawk  mine,  San  Bernardino  County,  699 
Mojave  Desert,  arsenic  from,  45 
clay  in.  131.  147 

crushed  and  broken  stone  from,  568,  570 
wollastonite  in,  695 
Mojave  district,    219 

silver  in.  530 
Mokelunme  Hill  mines.  218 
Molding  sand,  557-558 
Molybdenite,  659 

associated  with  copper,  174 
associated  with  rhenium,  364 
source  of  molybdenum,  367 
Molybdenum,   367-371 

associated  with  tungsten,  659 
as  steel  alloy,  259,  263 
Molybdenum  Corporation  of  America,  producer  of  molybdenum,  369 

producer  of  rare  earths,  469,  473 
photo  showing  mill  of,  471 
Monarch  mine,  Riverside  County,  tin  in,  644 
Monarch  talc  mine,  627,  633 
Monazite,  associated  with  zircon,  707,  709 
in  black  sands,  83,  84.  85,  467 

source  of  rare  earth  elements.  83,  467.  468,  471,  472,  635 
source  of  thorium,  467,  473,  635.  637.  640 
Monel  metal,  396 
Monitor  district,  218 

Mono  County,    andalusite  from,  275,  276 
clay  in.  131.  140,  145 
corundum  in,  26 
fluorspar  in,  201 
gold  in,  218,  219 
mica  from,  357,  359.  360 
molybdenum  from.  370 
pumice  and  pumicite  in,  25,  435,  438-440 
pyrophyllite  from,  455,  458 
silver  in.  529,  530.  532 
sodium  carbonate  in,  539 
tungsten  from,  659,  661 
volcanic  cinders  in,  435 
Mono  Lake,  sodium  carbonate  in,  539 

sodium  sulfate  in,  544 
Monolith  Portland  Cement  Co.,    119 

producer  of  gypsum,  233,  237,  239 
photo  showing  quarry,  ^39 
Monsanto  Chemical  Co.,  producer  of  phospliates.  428 
Monster-Reward  gold  mine,  Inyo  County,  219 
Montalvo  oil  field,  416 
Montan  wax,  158,  161-162,  163,  407 
Montana,  arsenic  from.  45 
bismuth  from,  79 
fluorspar  from,  201,  204 
Iceland  spar  from,  99 
phosphates  from.  425,  426,  429 
titanium  from,  647 
uranium  from.  671 
vanadium  in,  689 
vermiculite  in.  359.  360 
Montara  granite,  crushed  and  broken  stone  from,  56S 
Montasite,  51 

Monterey  County,  asbestos  in.  54 
barite  in,  72.  73 
bituminous  rock  in,  61,  62 
black  sands  in,  85 
coal  from.  153.  157-158 
crushed  and  broken  stone  in,  567,  580,  585 
diatomite  in.  185.  186,  191 
dimension  stone  from,  600.  601 
feldspar  from,  195,  197,  199 
feldspar  in  beach  sands,  197,  199 
gem  stones  in.  213 
gold  in,  221 
limestone  in,  299 
magnesia  from  sea  water,  313.  316 


mercury  in,  343 

natural  gas  in.  379 

nephrite  in.  212 

peat  in,  403 

petroleum  in.  414 

phosphates  from,  426 

salt  in.  483 

sand  and  gravel  in,  498,  517 

silver  in,  531 

specialty  sand  from,  547,  553,  559,  560 
Monterey  formation,  bituminous  rock  in,  62,  63,  67 

crushed  and  broken  stone  from,  571,  572,  574 
diatomite  in.  183.  185,  191 
dimension  stone  from.  600,  601 
limestone  in,  299 
phosphate  in,  426 
Monterey  Gypsum  Co.,  producer  of  gypsum,  239 
Monterey  Sand  Co..  producer  of  sand  and  gravel,  photo  of  plant,  517 
Montmorillonites.  131.  133,  140,  147 
Montroydite,  source  of  mercury.  341 
Monumental  stone,  591 
Moonhght  tungsten  mine,  Inyo  County,  76 
MoreLite  Minerals  Corp.,  producer  of  i>erlite,  443 
Moreno  formation,  diatomite  in.  185 
Morgan  asbestos  mine.  Placer  County,  54 
Mor^nite,  209 

Morris  Lode  iron  deposit,  San  Bernardino  County,  245,  249,  254 
Morton  Salt  Co.,  aerial  photo  showing  plant,  484 
Mother  Lode,  zircon  in,  707 
Mother  Lode  belt,  215-216 
Mother  Lode  quartz  veins,  464 
Mount  Diablo  district,  coal  from,  153-157,  175 

mercury  in,  341 
Mount  Diablo  mercury  mine,  Contra  Costa  County,  349,  350 

photo  showing,  346 
Mount  Gaines  gold  mine,  Mariposa  County,  217 

Mount  Jackson  (Great  Eastern)  mercury  mine,  Sonoma  County,  348,  349 
Mount  Pleasant  gold  mine,  El  Dorado  County,  216 
Mountain  antimony  group.  Riverside  County,  36,  38 
Mountain  Copper  Co.,  Ltd.,  flowsheet  of  flotation  plant,  177 
photo  showing  open  pit  of,  705 
producer  of  copper,  169.  171-172,  175,  178 
producer  of  phosphates,  428 
producer  of  pyrite,  449,  454 
Mountain  gold  mine.  Sierra  County,  217 
Mountain  King  gold  mine,  Calaveras  County,  217 
Mountain  Lily  gem  mine,  San  Diego  County,  209 
Mountain  Mines,  Ltd.,  producer  of  copper,  175 
Mountain  Pass  rare  earth  deposits,  468-472,  473 
Mountain  View  chromite  mine,  Del  Norte  County,  124 
Mountaineer  gold  mine,  Nevada  County,  217 

Mullet  Island,  Imperial  County,  calcium  chloride  from  well  on,  101 
MuUite.  277,  279,  280 
Murchie  gold  mine,  Nevada  County,  217 
Murphy  chromite  mine.  El  Dorado  County,  124 
Murray  smelter,  46 
Muscovite,  357-362 

associated  with  fluorspar,  201 
Mylar  bituminous  rock  quarry,  Monterey  County,  62 
Myrickite,  gem,  208 

N 

N.T.L'.  asphalt  mine,  Santa  Barbara  County,  62,  67 

Nahcolite,  539 

Napa  County,  aragotite  in,  59 

asbestos  from,  53-54 

cement  from,  119 

chromite  in,  124 

crushed  and  broken  stone  from,  567,  569,  575,  584 

curtisite  in,  59 

diatomite  in,  186,  187 

dimension  stone  from,  600 

expansible  shale  in,  521,  522,  524 

magnesite  in,  315,  321 

marl  from,  299 

mercury  in,  341 

napalite  in,  59 

perUte  in,  441,  443 

posepnyte  in,  59 

pumice  and  pumicite  in,  435,  440 

sand  and  gravel  in,  498 

photo  showing  plant,  518 

volcanic  cinders  in,  435 
Napalite,  59 

Naphtha,  from  coal,  266 

Napoleon  copper-zinc  mine,  Calaveras  County,  170,  175,  699 
National  Cement  Co.,  120 

National  Chemical  Co.,  producer  of  arsenic,  45 

National  Chloride  Company  of  America,  producer  of  calcium  cliloride,  102 
National  Cylinder  Gas  Co.,  producer  of  carbon  dioxide,  109 
National  Dr>'  Ice  Corp.,  producer  of  carbon  dioxide,  106,  107 
National  Lead  Co..  producer  of  antimony,  42 
Natividad  dolomite  quarry,  Monterey  County,  316 
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Natomas  Co.,  producer  of  gold,  224 

photo  showing  dredge  of,  224 
Natrolite,  associated  with  benitoite,  211 
Natron,  539 

Natural  Carbonic  Products,  Inc.,  producer  of  carbon  dioxide,  106 
Natural  gas,  373-384,  387 

source  of  natural-gas  liquids,  385 
Natural-gas  liquids,  385-390 , 
Natural  gasoline,  385 
Natural  hydraulic  cement,  116,  119 

Natural  Soda  Products  Co.,  producer  of  soda  ash,  478-479 
Neotocite,  325 
Nepheline  syenite,  as  source  of  aluminum,  30,  31 

as  source  of  bauxite,  29,  30 
Nephrite,  208,  212 

Neptunite,  associated  with  benitoite,  211 
Netherlands,   peat  in,  403,  407 

platinum  from,  432 
Netherlands  Antilles,  asphalt  from,  70 
Netz  granite  quarry,  Nevada  County,  595 
Nevada,  andalusite  from,  275 
antimony  from,  35 
arsenic  from,  45 
barite  from,  71,  73 
borate  deposits  in,  87,  88,  89 
copper  from,  171 
diatomite  from,  183,  192 
dumortierite  from,  276 
fluorspar  from,  201,  204 
fullers  earth  from,  148 
gypsum  from,  231,  234,  236.  238,  239 
iron  from,  255,  258 
limestone  from,  302 
magnesite  in,  313,  322,  323 
mercury  from,  345 
phosphates  from,  425 
quartzite  in,  464 
soluble  silicates  from,  560 
specialty  sand  from,  547,  555,  558,  564 
sulfur  from,  613 
tungsten  from,  655 
Nevada  City  district,  217 
Nevada  County,  asbestos  from,  53 
barite  in,  71-73 
chromite  in,  124 
copper  from,  169,  170,  171 
dimension  stone  from,  593,  595 
gold  in,  217,  218,  224 
monazite  in,  85 
pyrite  from,  451 
quartz  from,  265,  464 
sand  and  gravel  in,  498 
silver  in,  529 
tungsten  from,  661 
zinc  in,  702 
New  Almaden  district,  mercury  in,  341 

New  Almaden  mercury  mine,  Santa  Clara  County,  343,  344,  348,  349 
carbon  dioxide  in,  106 
geologic  section  across  Mine  Hill,  347 
photo  showing  retort  at,  346 
New  Caledonia,  chromite  from,  122 
cobalt  from,  165 
nickel  from,  391,  392,  398 
New  Deal  manganese  mine,  San  Bernardino  County,  photo  showing,  331 
New  Hampshire,  feldspar  from,  195 
New  Idria  district,  mercury  in,  341,  344 
New  Idria  mercury  mine,  San  Benito  County,  343,  348,  349 
geologic  section  across,  349 
photo  showing,  348 
New  Jersey,  peat  in,  403 
New  Mexico,  beryl  in,  75 

carbon  dioxide  in  oil  wells,  105 
coal  from,  207 
copper  from,  171 
diatomite  from,  192 
helvite  in,  75 
Iceland  spar  from,  99 
lithium  from,  307 
molybdenum  from,  367 
muscovite  from,  358 
natural  gas  from,  373,  383,  384 
natural-gas  liquids  from,  387 
salt  in,  483 
selenium  from,  305 
titanium  from,  647 
uranium  from,  671 
vanadium  in,  689 
New  Fenn  copper  mine,  Calaveras  County,  169 
New  Penn  Mines,  Inc.,  producer  of  copper,  176 
New  South  Wales,  bismuth  in,  79 
New  York,  garnet  from,  24 
iron  in,  245 
salt  in,  483 
talc  and  soapstone  from,  623 


titanium  from,  647,  649 
wollastonite  from,  693,  697 
New  Zealand,    carbon  dioxide  in  oil  wells,  106 

sulfur  from,  613 
Newhall  coal  prospect,  Los  Angeles  County,  102 
Newman  chromite  mine,  Alameda  County,  124 
Newton  copper  mine,  Amador  County,  170,  175 
Niccolite,  source  of  nickel,  391 
Nickel,  391-399 

as  steel  alloy,  259,  203 
cobalt  associated  with,  165 
Nicolaus  (Eureka)  -talc  mine,  629,  633 
Nightingale  gold  mine,  San  Bernardino  County,  219 
Niland  carbon  dioxide  field.  Imperial  County,  105,  100-108,  111 

photo  showing  automatic  gas  trap  in,  112 
Niles  Sand  and  Gravel  Co.,  502 

Nine-Mile  Canyon  feldspar  deposit,  Inyo  County,  197 
Nitrogen  compounds,  401-402 

Noble  Electric  Steel  Co.,  producer  of  ferroalloys,  256,  264 
Noonday  copper  mine.  El  Dorado  County,  176 
Noonday  dolomite,  copper  in,  175 

lead-silver-zinc  in,  283 
Noonday  lead-silver-zinc  mine,  Inyo  County,  283 
Norambagua  gold  mine,  Nevada  County,  217 
Norcross  chromite  mine,  San  Luis  Obispo  County,  124 
North  Bioomfield  mines,  Nevada  County,  218 
North  Carolina,    asbestos  from,  51 
beryl  from,  75 
feldspar  from,  195 
monazite  from,  636 
muscovite  from,  357,  358 
pebbles  for  grinding  from,  27 
pyrophyUite  from,  455,  457 
quartz  crystal  from,  459 
spodumene  from,  307,  310 
titanium  from,  647 
North  Coles  Levee  oil  field,  416 
North  Columbia  mines,  Nevada  County,  218 
North  Keystone  copper  mine,  Calaveras  County,  170 
North  San  Juan  mines,  Nevada  County,  218 
North  Star  gold  mine,  Nevada  County,  217 
Northern  Rhodesia,  cobalt  from,  105 

vanadium  from,  689,  690,  091 
Northupite,  539 
Nortonville,  Contra  Costa  County,  153 

photo  showing,  155 
Norway,  bismuth  in,  79 
ilmenite  in,  647 
nickel  from,  391 
nitrogen  compounds  from,  401 
peat  in,  403 
pyrites  from,  449 
rutile  in,  647 
Novato  conglomerate,  aggregate  from,  510 

photo  showing  sand  and  gravel  in,  502 
Number  5  chromite  mine,  Stanislaus  County,  124 


Oakeahott,  Gordon  B.,  Diatomite,  183-193 

Graphite,  227-229 
Oakville  district,  mercury  in,  341,  344 
O'Brien,  J.  C,  Copper,  169-182 

Zinc,  699-706 
Oceanic  district,  mercury  in,  341 
Oceanic  mercury  mine,  349,  350 
Ocher,  255 

Odessa  silver  mine,  San  Bernardino  County,  530 
Ogilby  kyanite  deposit.  Imperial  County,  277,  279,  280 
geologic  section  through,  278 
map  showing  location  of,  277 
photo  showing,  278 
Oliio,  bromine  from,  95 

magnesium  brines  of,  313 
peat  in,  403 

strontium  minerals  from,  607 
Oil-well  brines,  iodine  from,  241,  242,  243 
Oil-well  drilling  mud,  barite  for,  73.  74,  258 
bentonite  for,  147 
clay  for,  139,  151 
hematite  for,  258 
hectorite  for,  140 
Oil-well  gas,  373 

Ojai  bituminous  rock  mine,  Ventura  County,  63 
Oklahoma,  bituminous  rock  from,  69 
cadmium  from,  97 
coal  from,  161.  266,  267 
natural-gas  liquids  from,  387 
petroleum  in,  422 
or  Rebel  Minerals,  Inc.,  producer  of  pumicite,  441 
Old  Dad  Mountains  iron  deposit,  San  Bernardino  County,  249 
Old  Dependable  antimony  mine,  Inyo  County,  30,  37,  39 
Old  Diggings  district,  219 
Old  Eureka  gold  mine,  Amador  County,  216 


Index 
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Old  Mission  Portland  Cement  Co.,  119 

Oliver  Bros.  Salt  Co.,  producer  of  salt,  483,  491 

Oliver  Salt  Co.,  producer  of  magnesium  compounds,  322 

producer  of  salt,  491,  494 
Olivine,  source  of  magnesium,  313 
Oneida  gold  mine,  Amador  County,  216 
Ontario  Minerals  Co.,  producer  of  uranium,  673 
Opal,  gem,  205 
Orange  County,    barite  in,  72,  73 

clay  in,  135,  137-138,  145,  150,  151 

coal  in,  161 

crushed  and  broken  stone  in,  567,  586 

diatomite  in,  186 

dimension  stone  from,  597 

expansible  shale  in,  522 

lead  in,  284 

mercury  in,  343,  344 

natural  gas  in,  379,  382 

peat  in,  403,  405-406 

photo  showing  operations,  407 
petroleum  in,  414 
phosphates  in,  426 
pyrites  from,  451 
salt  in,  483 

sand  and  gravel  in,  498,  507 
specialty  sands  in,  553,  558 
zinc  from.  701,  702 
Orcutt  (Santa  Maria)  oil  field,  natural  gas  in,  63,  373 
Oregon,  antimony  from.  35 

carbon  dioxide  in  oil  wells,  105 
chromite  from,  122 
diatomite  in,  192 
limonite  from.  256 
monazite  in,  85 
nickel  from.  392,  395,  398 
quartzite  from,  465 
Oriental  gold  mine,  Sierra  County,  217 
Original  Amador  gold  mine,  Amador  County,  216 
Original  Sixteen  to  One  gold  mine,  Sierra  County,  217,  224 
Ore  Grande  series,  dimension  stone  from,  598 
limestone  in,  297 
quartzite  in,  463 
Oroville  Table  Mountain.  218 
Orpiment.  source  of  arsenic,  45 
Orthoclase,  195 

Osborn  Co.,  photo  showing  dry  wash  deposit  in  pit  of,  502 
Osmium,  431-432 
Otavite.  97 

Our  Chance  gold  mine,  Mariposa  County,  quartz  crystal  from,  460 
Owens-Illinois  Glass  Co.,  producer  of  sand,  150 

producer  of  specialty  sands,  562 

photo  showing  operations,  553,  555,  556,  558,  561 

Owens  Lake,  borates  in,  87,  89.  90 
salines  in,  477-478 
sodium  carbonate  from,  539,  540 
sodium  sulfate  in,  544 


Pacific  Alloy  &  Steel  Co.,  producer  of  ferroalloys,  256.  264 
Pacific  Cement  Plaster  Co.,  producer  of  gypsum,  238 
Pacific  Clay  Products  Co.,   producer  of  clay,  136,  150 

producer  of  specialty  sand,  562,  563 
Pacific  Coast  Aggregates,  Inc.,  producer  of  sand  and  gravel, '507 

photo  showing  plant,  516 
Pacific  Coast  Borax  Co.,  90,  91 

photo  showing  open  pit  of,  93 
producer  of  borax,  479 
Pacific  Coast  Steel  Co.,  producer  of  steel,  260 
Pacific  Electro  Metals  Co.,  producer  of  ferroalloys,  256-257,  264 
Pacific  feldspar  mine,  San  Diego  County,  196,  197,  198 
geologic  section  through,  198 
photo  showing,  197 
Pacific  gold  mine.  El  Dorado  County,  216 
Pacific-Imperial  Dri-Ice  Inc.,  producer  of  carbon  dioxide,  106 
Pacific  Minerals  Co.,  producer  of  roofing  granules,  599 
Pacific  Minerals  soapstone  mine.  El  Dorado  County,  631 
Pacific  Portland  Cement  Co.,  119,  120 

producer  of  gypsum,  238 
Pacific  Products  Co.,  producer  of  peat,  405 
Pacific  pyrophyllite  mine,  Mono  County,  359,  360,  455 

photo  showing,  457 
Pacific  Salt  &  Chemical  Co.,  producer  of  salt.  487 
Pacific  States  Steel  Co.,  producer  of  steel,  260 
Pala  Chief  gem  mine,  San  Diego  County,  209,  211 
lepidolite  from.  310 

photo  showing  underground  workings,  209 
Pala  district,  gem  stones  from,  208,  209,  210-211 
lithium  from,  307,  310 
photo  of  beryl  from,  77 
Palladium,  431-432 
Paloma  oil  field,   416 

natural-gas  liquids  from,  385 


Palos  Verde  stone,  601 

Palos  Verde  stone  quarry,  Los  Angeles  County,  photo  showing,  601 

Palos  Verdes  Hills,  diatomite  in.  185,  188,  191 

geologic  map  of.  185 
Palos  Verdes  Stone  Division,  Great  Lakes  Carbon  Corp.,  producer  of  dimension 

stone,  601 
Pan  Chemical  Co.,  producer  of  celestite,  611 

Panacalite  Pacific,  Inc.,  photo  showing  perlite  processing  plant  of,  445 
Panamint  City  district,  silver  in,  530 
Panoche  district,  mercury  in,  343,  344 
Panoche  group,  mercury  in,  343 
Paoli  gypsum  mine,  Fresno  County,  238 
Paper  clay,  133 

Paramount  Sand  Co.,  producer  of  specialty  sand,  i)hoto  showing  pit  of,  554 
Paris  green,  46 

Parkfield  district,  mercury  in.  343 
Paso  Baryta  mine,  Tulare  County,  72,  73 
Paso  Robles  formation,  bituminous  rock  in,  62 

gypsum  in,  231 
Passadori,  A.  L.,  producer  of  dimension  stone,  601 
Patronite,  689,  690 
Paving  stone,  565,  569,  59t 
Paymaster  district,  219 

geologic  section  across,  330 
sketch  of  typical  manganese  vein  in,  331 
Peacock  ore,  169 
Peat,  403-408 

uranium  in,  679 
Peat  Sales  Co.,  producer  of  peat,  405 
Pebbles,  as  abrasive,  27 
Pegma  muscovite  mine,  Inyo  County.  359 
Pegmatite,  section  through  spodumene-bearing,  209 
Pegmatites,   source  of  beryl.  75,  76 
source  of  bismuth,  79 
source  of  cesium,  363 
source  of  feldspar,  195,  196 
source  of  gem  stones,  205,  208-211 
source  of  indium,  364 
source  of  lithium,  208 
source  of  mica,  358,  359 
source  of  molybdenum,  367 
source  of  quartz,  463,  464 
source  of  quartz  crystal.  459 
source  of  rare  earths,  472 
source  of  rubidium,  363 
source  of  thorium,  635,  636 
tungsten  in,  661 
Peirano  rhyolite  tuff  quarry,  Calaveras  County,  602 
Pelona  schist,    as  dimension  stone,  600,  601 
graphite  in,  227 
quartz  veins  in,  464 
Peninsular  Ranges,  coal  in,  153 

crushed  and  broken  stone  from,  569,  570,  574 
quartz  in,  463,  464 
quartz  crystal  from.  459 
quartzite  in,  463 
Penn  copper-zinc  mine,  Calaveras  County.  169,  170,  171,  174,  180,  699,  702 
Pennsylvania,   chromite  in,  128 
cobalt  from,  165 
peat  in,  403 
petroleum  from,  410 
Pennsylvania  gold  mine,  Nevada  County,  217  , 

section  through,  216 
Pentlandite,  source  of  nickel,  391,  393 
Periclase,  316,  321 
Peridotite,   associated  with  chromite,  121,  122,  123 

map  showing  distribution  in  California,  52,  124 
source  of  nickel,  392 
Perkins  Gravel  Co.,  producer  of  sand  and  gravel,  502 

photo  showing  quarry,  509 
Perlite,  438,  441-445,  446,  448,  503 
Perlite  Aggregates,  Inc.,  443 
Permanente  Cement  Co.,    115,  120 

photo  showing  plant,  114 
Permanente  Metals  Corp.,   producer  of  ferroalloys,  257,  265 
producer  of  magnesium,  322,  323 
producer  of  phosphate,  428 
Perris  Mining  Co.,  producer  of  feldspar,  197 
Perschbaker  gold  mine,  Butte  County,  218 
Peru,  bismuth  in,  79 
lead  from,  291 
vanadium  from,  689,  691 
Petalite,  source  of  lithium,  311 
Petrified  wood,  gem,  213 
Petroleum,  409-424 

associated  with  uranium,  671 
recovery  from  bituminous  rock,  59 
sulfur  from,  616,  617 
Petroleum  asphalt  flow  chart,  60 
Petroleum  gas,  373 

Pettit  Ranch  uranium  (bog)  deposit,  Kern  County,  679 
Petzite,  215 
Phenol,  from  coal,  266 
Philadelphia  Quartz  Co.  of  California,  producer  of  soluble  siUcates,  560 
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Philippines,   chromite  from,  126,  128 

nickeliferous  laterite  in,  392 
Phlogopite,  357,  358 
Phoenix  gold  mine,  Sierra  County,  217 
Phosphates,  425-429 

associated  with  uranium,  671 
associated  with  vanadium,  689 
Phosphatic  shales,    molybdenum  in,  367 

vanadium  in,  367 
Phosphoric  acid,  478,  479 
Phosphorus,  as  steel  alloy,  263 
Picacho  district,  219 

Picacho  gold  mine,  Imperial  County,  219 
Pick  &  Shovel  chromite  mine,  San  Luis  Obispo  County,  124 
Pico  Canyon  oil  field,  natural  gas  in,  373 
Pico  formation,  bituminous  rock  in,  63,  68 
expansible  shale  in,  522,  524 
Picrolite,  49 
Pig  iron,  245,  259 
Pike  district,  217 
Pilliken  chromite  mine,  El  Dorado  County,  122,  124,  125 

nickeliferous  laterite  at,  396 
Pine  Creek  tungsten  mine.  Inyo  County,  76,  659,  662,  663 

copper  from.  169,  170,  171,  174-175 
flowsheet,  663 

molybdenum  from,  367,  368,  370,  371 
molybdenum  mill  flowsheet,  369 
photo  showing,  658 
section  through  main  ore  body,  660 
Pine  Mountain  district,  mercury  in,  343 
Pine  Tree  and  Josephine  gold  mines,  Mariposa  County,  216 
Pinecate  district,  219 
Pioneer  gold  mine.  Placer  County,  217 
Pioneer  manganese  mine,  Imprerial  County,  331 

photo  showing,  330 
Pioneer  pyrophyllite  deposit,  San  Diego  County,  456 

photo  showing,  457 
Pioneer  Pyrophyllite  Products,  producer  of  pyrophyllite,  456 
Pirssonite,  539 

Pismo  formation,  bituminous  rock  from,  67 
Pitchblende,  669,  671,  678 
Pittsburgh  gold  mine,  Nevada  County,  217 
Pittsburgh-Liberty  gold  mine,  Mono  County,  219 
Pittsburgh  Plate  Glass  Co.,   90 

producer  of  trona,  479,  540 
Placer  County,  asbestos  in,  54 

black  sands  in.  84 
chromite  in,  124,  129 
clay  in,  135,  136,  151 
copper  in,  170,  171 

crushed  and  broken  stone  from,  567,  568,  580,  587 
diamonds  in,  211 

dimension  stone  from,  593,  594,  595,  599 
gold  in,  217,  218 
limestone  in,  297 
magnesite  in,  315 
nickel  in,  395 
quartz  from,  265,  464 
quartz  crystal  from,  460 
rare  eartlis  in,  472 
sand  and  gravel  in,  498,  519 
steel  plants  in,  245 
zircon  from.  85,  707 
Placerita  formation,  graphite  in,  227 
Placerita  oil  field,  Los  Angeles  County,  63,  68 
Placerite,  602 
Placerville  district,  218 

Plant  Rubber  &  Asbestos  Co.,  magnesia  from  bittern,  322 
Plaster  sand,  503 
Platinum,  in  black  sands,  83 
Platinum  and  allied  metals,  431-432 
Platinum-group  metals,  in  black  sands,  84 
Playa  del  Rey  oil  field,  iodine  from,  241 
Plumas  County,   barite  in,  72,  73 

copper  in,  170.  171,  173-174,  175 
corundum  in,  26 

crushed  and  broken  stone  from,  567,  587 
diatomite  in,  186 
gold  in,  217-218 
limestone  in,  296 
molybdenum  from,  368,  370 
rhodonite  from,  213 
silver  in,  529 
uranium  in,  671.  673 
Plumaa-Eureka  gold  mine,  Plumas  County,  217 
Plumbago,  227 

Plumbago  gold  mine,  Sierra  County,  217 
Plumbo-jarosite,  281,  282 

Plummer  Bros.  Crystal  Salt  Works,  producer  of  salt,  489 
Plymouth  Consolidated  gold  mine,  Amador  County,  216 
Pogonip  formation,  talc  in,  627 

Point  Arena  area,  geologic  map  of  bituminous  sandstone  in,  68 
Point  Sal  gypsum  mine,  Santa  Barbara  County,  238 
Pollucite,  source  of  cesium  and  rubidium,  363 


Polydymite,  source  of  nickel,  391 
Pongo  talc  mine,  627 
Porcelain  balls,  as  grinding  pebbles,  27 
Portland  cement,    113-120,  503,  571 

use  of  limestone  in,  293,  304 
use  of  sand  and  gravel  in,  495,  497,  502 
Portugal,    asbestos  from,  51 
marble  from,  605 
pyrites  from,  454 
tungsten  in,  666 
Posepnyte,  59 
Potash,  478,  479,  480 
Potash  spar,  195 

Potassium,  associated  with  magnesium,  313 
Potassium  salts,  479,  480 
Pottery  clay,  138 
Powellite,  659 

source  of  molybdenum,  367 
Pozzolans,    115,  501,  525 

diatomite  for,  192 
Pray,  Lloyd  C,  Rare  earth  elements,  467-474 
Priceite,  source  of  boron,  87 
Probertite,  source  of  boron,  87 
Propane,  385 

Proustite,  source  of  silver,  529,  530 
Prouty  soapstone  mine.  El  Dorado  County,  631 
Providence  gold  mine,  Nevada  County,  217 

Providence  Tuolumne  Gold  Mining  Co.,  explorations  for  copper  ore,  176 
Psilomelane,  source  of  manganese,  325,  327,  331,  332 
Puent*  formation,  expansible  shale  in,  522 

Puget  Sound  Reduction  Company,  producers  of  arsenic,  45,  46 
Pumice,    433-448 

as  abrasive,  25-26 
Pumice  &  Pumicite  Mining  Co.,  441 
Pumicite,  433-448 

as  abrasive,  25-26 
Purisima  formation,  bituminous  rock  in,  62 
Pyramid  gold  mine,  El  Dorado  County,  217 
Pyrargyrite,  source  of  antimony,  35 

source  of  silver,  529,  630 
Pyrite,    449,  451 

associated  with  copper,  169.  171,  172,  173,  174 
associated  with  lead,  281,  282 
a.ssociated  with  mercury  deposits,  341 
associated  with  uranium,  671 
sulfuric  acid  from,  618 
Pyrites,  449-454 

Pyrochlore,  source  of  rare  earth  elements,  468,  474 
Pyrolusite,  source  of  manganese,  325,  327,  331,  332 
Pyromorphite,  281 
Pyrophyllite,  455-458 
Pyrrhotite,  449,  451,  452 

associated  with  copper,  169,  171 
associated  with  nickel,  391,  393,  449,  451 


Quail  Hill  copper-zinc  mine,  Calaveras  County,  170,  699 
Quarry  zinc  mine,  Los  Angeles  County,  702 
Quartz,  463-466 

as  abrasive,  27 

criished  and  broken  stone  from,  588 
Quartz,  crystal,  459-462 
Quartz,  gem,  205,  208,  209,  210,  212 
Quartzite,  463-466 

as  abrasive,  27 
as  dimension  stone,  600,  602 
as  grinding  pebbles,  27 
Quatal  Canyon  gypsum  deposits,    Ventura  County,  233,  239 
photo  showing,  239 
geologic  section  through,  234,  482 
Quatal  red  clay,  gypsum  in,  233,  239 
Queensland,  bismuth  in,  79 
QuickUme,  293 

Quicksilver,  associated  with  celestite,  609;  see  also  Mercury 
Quicksilver  rock,  341 
Quien  Sabe  antimony  mine,  36,  38 

map  showing  veins,  38 
Quigley,  John,  producer  of  salt,  489 


Radioactivity  of  bituminous  rock,  59,  69 

Kadiolaria,  183 

Rainbow  gold  mine.  Sierra  County,  217 

Rancho  la  Brea,  Los  Angeles  County,  63,  68-69 

Rand  schist,  silver  in,  530 

Randsburg  district,    arsenic  from,  45,  46 

gold  from,  219 
Rand  schist,  silver  in,  530 
Rare  earth  elements,  83,  467-474 
Rasorite,  source  of  boron,  90 
Ratcliff  gold  mine,  Inyo  County,  219 
Ratero  asbestos  prospect,  Siskiyou  County,  53 


Index 


729 


Rattlesnake  chroiiiite  mine,  Del  Norte  County,  124 
Rawhide  gold  mine,  Tuolumne  County,  216 
Raymond  district,  granite  in,  594 
Raymond  Granite  Co.,  producer  of  dimension  stone,  595 

Quarr>',  Madera  County,  594 
Rayo  antimony  mine.  Kern  County,  38 
Realgar,  associated  with  borates,  89 

source  of  arsenic,  45 
Red  Hill  barite  mine.  Orange  County,  72,  73 
Red  Ledge  chromite  mine,  Nevada  County,  124 
Red  Mountain  district,  magnesite  in,  313,  315,  321,  322 
Red  Mountain  magnesite  mine,  Stanislaus  County,  313,  321 
Red  Rose  quartzite,  602 

Redlite  Aggregates  Inc.,  producer  of  volcanic  cinders,  438 
Reeder.  J.  \V.,  producer  of  salt.  486 
Reese  Bros,  coal  mine.  Trinity  County,  161 
Reid  gold  mine,  Shasta  County.  219 
Renierite,  source  of  germanium,  364 
Repetto  formation,  bituminous  rock  in,  63,  68 
Reward  copper  mine,  Inyo  County,  171 

Rex  (Evening  Star,  Bernice)  tin  mine,  San  Bernardino  County,  643 
Reynolds  Aluminum  Co.,  producers  of  aluminum,  32 
Rhenium.  363,  364-365 
Rhodium,  431-432 

Rhodochrosite,  source  of  manganese,  325,  327,  330,  333 
Rhodonite,  325.  329 
Rhodonite,  gem,  208.  213,  337 
Rhyolit«  tuff,  as  dimension  stone,  602 
Ricardo  formation,  borates  in,  88 

pumicite  from.  25 
Rice,  Salem  J.,    Asbestos,  49-58 

Chromite,  121-130 
Nickel,  391-399 
Richfield  oil  field,  natural-gas  liquids  from,  385 
Richmond  copper  mine.  Shasta  County,  699,  702 
Ridgehte  Products  Co.,  producer  of  expansible  shale,  522,  524,  .525 

photo  showing  operations  of,  524 
Rincon  oil  field.  416 

photo  showing  seaward  extension,  417 
Rincon  pegmatite  district,  208,  209.  211 
Rinconada  district,  mercury  in.  343 
Rio  Vista  natural  gas  field.  377 

Riprap,  565,  567,  568,  570.  571.  572,  573,  574,  578,  579-581 
Rising  Star  copper-zinc  mine,  Shasta  County,  170,  699 
Rising  Sun  gold  mine.  Placer  County,  217 
Riverside  Cement  Co..  limestone  mine,  300 
Riverside  County,    abrasives  from,  28 
andalusite  in,  276 
antimony  in,  36,  38 
asbestos  in,  54 
beryl  in,  75 
bismuth  in.  79,  80 
cement  from,  118.  119 
clay  in,  30,  135,  136-137,  151 
coal  from,  153.  161 
copper  from.  169 
corundum  in,  26 
crushed  and  broken  stone  from,  567,  568,  569,  573,  574,  575, 

578.  580.  581.  586 
dimension  stone  from,  595,  596,  599 
feldspar  from,  195,  197 
fluorspar  in.  201,  202 
garnet  from,  24 

gem  stones  from,  205,  208-211,  213 
gold  in,  219 
gypsum  from,  231,  234,  239 

photo  showing.  232 
iron  in,  245.  247.  248,  249,  252,  255 
limestone  in,  298,  300 
magnesite  in,  315 
manganese  from.  325,  330,  331 
l>erlite  in,  444 
quartz  in,  463,  464 
quartz  crystal  from,  460 
rare  eartlis  in,  472 
sand  and  gravel  in.  498.  507 
siJecialty  sands  in,  553,  556 
tin  from.  642,  643.  644 
vermiculite  in.  359 
woUastonite  in,  693 
verside  Portland  Cement  Co.,    119 

producer  of  feldspar,  197 
producer  of  quartzite,  463 
k,  defined,  565 
;ock  salt,  483 

,ocket  antimony  mine,  Inyo  County,  36,  37,  39 
.ocklite  Co.,  producer  of  expansible  shale,  522,  524,  525 
photo  showing  plant,  523 
ky  Point  granite  quarry,  Tulare  County,  595 
.ocky  Point  mine,  Kern  County,  tin  in,  644 
■odingite,  associated  with  chromite,  123 

tgers,  B.  H.,  and  Chesterman,  Charles  W.,  Shale,  expansible,  521-528 
mans,  early  use  of  lead  by,  284 
Rosamond  area,  map  showing  uranium  deposits  in,  675 


Rosamond  district,  gold  from,  219 
Rosamond  feldspar  deposit,  Kern  County,  197 
Rosamond  formation,  borates  in,  88 
Rosamond  prospect,  Kern  County.  677-678 
Rosamond  series,  uranivim  in.  676 
Roscoelite,  689.  690,  691 

source  of  vanadium,  357 
Rose  Quartz  gem  mine,  San  Diego  County,  210 
Rosener,  Ann,  photos  by,  89,  90 
Rouge,  as  abrasive,  28 
Rough  Diamond  quartz  crystal  mine,  Calaveras  County,  460 

cross  sections  through,  461 
map  showing  location  of,  459 
Roimd  Valley  tungsten  mine,  Inyo  Coimty,  76 
Rowe-Buehler  Mining  Co.,  producer  of  celestite,  611 
Royal  gold  mine,  Calaveras  County,  217 
Rubble,  591,  600,  601 
Rubidium,  363 
Ruby.  205 
Ruby  silver,  529 
Russ  district,  219 
Russia,  apatite  from,  425 

ilmenite  in,  647 

manganese  from,  327 

nickel  from,  392 

peat  in,  403 

petroleum  from.  410 

platinum  from.  431 

sodium  sulfate  from.  543 

tungsten  in,  666 
Ruthenium,  431-432 
Rutile,    associated  with  fluorspar,  201 

associated  with  zircon,  707,  709 

in  black  sands,  85 

source  of  titanium,  647,  649,  650,  653 

s 

Sabugalite,  671 

Sacramento  area,  natural  gas  in,  373 
Sacramento  County,    black  sands  in,  84 
clay  from,  136 

crushed  and  broken  stone  from,  568 
dimension  stone  from,  593,  595 
gold  in.  218.  224 
natural  gas  in,  376,  379 
pebbles  for  grinding  from.  27 
sand  and  gravel  in.  498.  502,  503 
Sacramento-San  Joaquin  delta,  peat  in.  403-405 
Saint  John  gold  mine,  Kern  County.  219 
Saline  Valley,    borate  deposits  in,  87,  89,  90 

salt  in,  487.  494 
Saline  Valley  Development  Co.,  producer  of  salt,  487 
Salines.  475-482 
Salt,    483-494 

associated  with  gypsum,  233 
Salt  cake.  478.  543,  544 
Salt  Wells  Valley,  borate  deposits  in.  87,  89 
Salton  Sea,  salines  in,  477.  486,  494 

Salton  Sea  Chemical  Products  Corp.,  producer  of  carbon  dioxide,  106 
Samarskite,   669 

source  of  rare  earths,  468 
Sampson  (Peak)  magnesite  mine.  San  Benito  County.  315,  321 
San  Benito  County,  antimony  in.  35.  36,  38,  39 
asbestos  from,  54 
bituminous  rock  in,  61,  62 
black  sands  in,  84-85 
celestite  in,  609 
cement  from,  118,  119 
clay  in,  131,  135,  139,  147 
coal  in,  162 

crushed  and  broken  stone  from,  567,  568,  569,  580,  585 
diatomite  in,  186 
dolomite  in,  299.  300 
gem  stones  from.  208.  211 
gypsum  from.  234.  239 
jadeite  in,  212 
magnesite  in,  315 
mercury  in,  341.  343 
natural  gas  in.  376,  379 
petroleum  in,  414 
San  Bernardino  Borax  Mining  Co.,  producer  of  borax.  479 
San  Bernardino  County,  antimony  in,  37,  38 
barite  in.  72.  73.  74 
bismuth  in,  79,  80 
borate  deposits  in,  87,  89,  90 
bromine  from.  95 
cadmium  in,  97 
calcium  chloride  from,  101 
cement  from,  118,  119,  120 
clay  in,  131,  139.  140,  145,  150 
copper  from,  169,  170,  171,  175 
corundum  in,  26 

crushed  and  broken  stone  from,  567,  5G8,  569,  573,  575, 
580,  585 
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dimension  stone  from,  595,  596,  597,  598 

feldspar  in,  197 

fluorspar  in,  201,  202 

garnet  from,  24 

gem  stones  from,  208,  213 

gold  in,  219,  224 

gypsum  from,  231,  232,  233,  238 

iron  in,  245,  247,  248,  249,  252,  255 

lead  in,  284 

limestone  in,  290,  297,  298.  299 

lithium  from,  307 

magnesium  in,  313,  315 

manganese  from,  325,  330,  331 

marl  in,  299 

Marter- White  from,  359 

mica  from,  357,  359 

mineral  paint  from,  256 

molybdenum  from,  368 

natural  gas  in,  379 

nitrates  in,  401 

opal  from,  213 

peat  in,  403,  406 

perlite  in,  441,  443-444 

petroleum  in,  414 

pumice  in,  441 

pyrophyUite  from,  455 

quartzite  in,  463 

rare  earth  elements  in,  4G7,  468-472 

rutile  in,  650 

salines  in,  477,  479 

salt  in.  486,  487,  488 

sand  and  gravel  in,  498,  507 

silver  in,  529,  530,  532 

sodium  sulfate  from,  543 

steel  plants  in,  245 

strontium  minerals  from,  607,  G09 

talc  from,  625,  627,  630.  634 

thorium  in,  635,  636 

map  showing  Rock  Corral  area,  639 

tin  from.  643.  644 

tungsten  from,  657,  661 

turquoise  from,  212 

uranium  from.  671,  676 

vanadium  in,  689.  690 

wollastonite  in,  693,  698 

zinc  from,  699.  701.  702 
San  Diego  County,  andalusite  in,  276 
beryl  from.  77 
bismuth  in,  79 
bromine  from.  95 
cement  from,  116,  117,  119 
cement  plants  in,  294 
clay  from.  139 

crushed  and  broken  stone  from.  567,  568,  573,  580.  588 
dimension  stone  from,  595,  602 
expansible  shale  in.  522 
feldspar  from,  195,  196-197,  198 
fluorspar  in,  201 
gem  stones  from,  205,  208,  211 
gold  in,  219,  221,  223 
Iceland  spar  from,  99 
limestone  in,  297 
lithium  from,  307.  310 

magnesium  compounds  from  sea  water,  313,  319.  322 
marl  in,  299 

molybdenum  from.  367,  370 
nickel  in,  393 
peat  in,  403,  406 
pebbles  for  grinding  from,  27 
phosphates  in,  426 
poUucite  in,  363 
pyrites  from,  451 
pyrophyUite  from,  455,  456 
quartz  in,  463,  464 
quartz  crystal  from,  460 
rare  earths  in,  472 
rhodonite  from,  213 
salt  in,  483 

sand  and  gravel  in,  498,  507 
specialty  sands  in,  553,  554.  556,  557,  559 
strontium  minerals  from,  607 
San  Diego  gem  mine,  San  Diego  County,  209,  210 
San  Dimas  Canyon  barite  mine,  Los  Angeles  County,  72,  73 
San  Emigdio  antimony  mine,  Kern  County,  history  of,  38 
San  Emigdio  Canyon  antimony  deposits,  Kem  County,  35,  37 
San  Francisco  Bay,  map  showing  crude  salt  plants  on.  492 
San  Francisco  County,    curtisite  in,  59 

crushed  and  broken  stone  from,  584 


San  Gabriel  Mountains,  map  showing  titanium  deposits  in,  648 

San  Gabriel  Valley,  aerial  photo  and  map  showing  sand  and  gravel  deposits  in, 

514,  515 
San  Joaquin  County,  clay  in,  138 

diatomite  in.  186 
manganese  in,  325.  327,  329,  330 
natural  gas  in,  376,  379 
sand  and  gravel  in,  498,  503 

siiicothermic  magnesium  plant  near  Manteca,  316-318 
San  Lu!S  Obispo  County,    antimony  in,  36,  38 

bituminous  rock  in,  59,  61,  62.  67 
chromite  in.  122,  123,  124.  125,  127,  130 
crushed  and  broken  stone  from,  575 
diatomite  in.  186 
dimension  stone  from,  599 
gypsum  from.  231,  238 
jadeite  in,  212.  213 
limestone  in.  296,  297,  303 
manganese  in,  329 
mercury  in,  341.  343 
natural  gas  in.  379 
natural-gas  liquids  from.  385 
petroleum  in,  414 
phosphates  in.  426 
pumicite  from,  25 
sand  and  gravel  from,  498 
sodium  sulfate  from.  543 
specialty  sands  in,  553 
uranium  in,  678 
San  Marcos  gabbro,  pegmatites  in,  208 
San  Marcos  Island,  gypsum  from.  231.  238,  239 
San  Mateo  County,  bituminous  rock  in.  61,  62 
bromine  from,  95 
cement  from.  118,  119 
crushed  and  broken  stone  from.  567,  568,  570.  571,  572,  573, 

574,  580.  584 
limestone  in,  300 

magnesium  compounds  from  sea  water,  313,  318-319 
mercury  in,  343 
oyster  sheila  from,  297 
salt  in,  483,  491 
specialty  sand  in,  554 
San  Pedro  gem  mine,  San  Diego  County,  209,  210 
San  Pedro  sand,  sand  from,  511 
Sand,  495-520 

as  abrasive,  27 
associated  with  clay,  138 
Sand,  quartz,  associated  with  coal,  157 
Sand,  specialty,  547-564 
Sandstone,  as  abrasive,  27 

as  crushed  and  broken  stone,  565,  571 
as  dimension  stone,  596-597 
Santa  Ana  Mountains,  clay  in,  131.  135,  136-137 

coal  in.  161 
Santa  Barbara  County,  barite  in,  72,  73 

bituminous  rock  in,  59,  01,  62,  63,  64-67 
black  sands  in,  84 
diatomite  in,  183.  184,  185,  187 
dimension  stone  from,  597,  601 
expansible  shale  in,  522,  524,  525 
gilsonite  in,  59 
gypsum  from,  234,  238 
limestone  in,  290,  297 
natural  gas  in,  376,  379,  382 
natural-gas  liquids  from,  385 
peat  in,  403 
petroleum  in,  414 
phosphates  in,  426 
sand  and  gravel  in.  498 
Santa  Barbara  district,  mercury  in,  343 

Santa  Catalina  Island,  crushed  and  broken  stone  from,  569,  572,  574,  580 
talc  from,  631,  633 
zinc  from.  701,  702 
Santa  Clara  County,   antimony  in,  38 

aragotite  in,  59,  61,  62 
cement  from,  114,  115,  118,  120 

crushed  and  broken  stone  in,  567,  568,  572.  573,  574,  585 
dimension  stone  from.  596 
»  expansible  shale  in,  521 

fluorspar  in,  201 
gem  stones  in,  213 
magnesite  in,  313 
manganese  in.  329 
marl  from,  299 
mercury  in,  341,  343,  348 
natural  gas  in,  379 
petroleum  in,  414 
salt  in,  483,  491 
sand  and  gravel  in,  498,  503 
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-;inta  Cruz  County,  bituininovis  rock  in,  59-64 
black  sands  in,  84 
carbon  dioxide  in,  109 
cement  from,  118,  119 
crushed  and  broken  stone  in,  567 
iron  from,  245,  247,  255 
limestone  in,  IWO 
peat  in.  403,  400 
sand  and  gravel  in,  498,  507 
specialty  sand  from,  554 
titanium  from,  649,  650 
Santa  Cruz  Portland  Cement  Co.,  119 
S;inta  Fe  Springs  oil  field,  natural  gas  in,  377 

natural-gas  liquids  from,  385 
Santa  Lucia  granite,  as  crushed  and  broken  stone,  509,  580 
Santa  Margarita  formation,  gypsum  in,  233,  239 
sandstone  in,  507 
specialty  sand  from,  554 
"Santa  Maria  (Orcutt)  oil  field,  Santa  Barbara  County,  03 

natural  gas  in,  373 
Santa  Maria  stone,  001 

photo  showing  quarry,  001 
Santa  Maria  Valley  oil  field,  416 
Santa  Rosa  district,  lead  in,  284 

Santa  Rosa  lead-silver-zinc-copper-gold  mine,  Inyo  County,  284 
Sapphire,  205 

Sargent  oil  field,  Santa  Clara  County,  62 
Sassolite,  source  of  boron,  87 
Savercool  barite  mine,  Plumas  County,  72,  73 
Saxonite,  associated  with  chromite,  122 
Saxony,  bismuth  in,  79 
Scandium,  407 

Scheelite,   associated  with  copper,  174 
associated  with  tin,  043 

source  of  tungsten,  655,  657,  659,  001,  602.  663,  064 
Schist,  as  crushed  and  broken  stone,  505 
Schoeppe  clay  deposit,  Orange  County,  138,  145 
Schoeppe,  \V.  A.,  producer  of  specialty  sand,  photo  showing  pit,  558 
Scouring  blocks,  25-26 
Schroeckingerite,  609,  671 

Sea  shells,  source  of  Hme,  293,  296,  297,  303,  322 
Seal  Beach  oU  field,   416.  417 

iodine  from,  241 

photo  showing  seaward  extension,  410 
Seam  diggings,  218 

Searles  Lake,  borates  in,  87,  89,  90,  91 
bromine  from,  95 
lithium  carbonate  from,  307-309 
salines  in,  477-478,  479 
salt  in,  487 

sodium  carbonate  from,  539 
sodium  sulfate  from,  543 
Seiad  Creek  chromite  mine,  Siskiyou  County,  124,  125 
Selenite,  231,  232,  233 

photo  showing  crystals  of,  232 
Selenium,  303,  305 

as  steel  alloy,  263 
Senarmontite,  source  of  antimony,  35 
Senpe  pegmatite,  quartz  crystal  from,  400 
Sepiolite,  associated  with  magnesite,  315 
Sericite,  357 

Serpentine,  associated  with  chrouiite,  121,  122,  123 
associated  with  mercury  deposits,  341 
associated  with  nickel,  391,  392,  393,  390 
associated  with  platinum,  431 
crushed  and  broken  stone  from,  565,  573-574 
map  showing  distribution  in  California,  52,  124 
photo  showing  asbestos  in,  49 
source  of  magnesium,  313 
Sespe  brownstone,  dimension  stone  from,  597 
Sewage  treatment  plant,  Barstow,  photo  showing,  564 
Seward  (Auschwitz)  sulfur  property.  Lake  County,  615,  610 
Shale,   aluminum  produced  from,  30 

as  crushed  and  broken  stone,  565,  574 
sovirce  of  bauxite,  29 
Shale,  expansible,  521-528 
Shale,  limy,  as  dimension  stone,  600 
Shannahan  crushed  and  broken  stone  quarry,  Riverside  County,  photo  showing 

workings,  573,  574 
Shasta  County,  asbestos  in,  53,  54 
barite  in,  72,  73 
cadmium  in,  97 
chromite  in,  123,  124,  125 
copper  from,  109,  170,  171-174,  175,  170 
crushed  and  broken  stone  from,  587 
diatomite  in,  186 
dimension  stone  from,  597 
gold  in,  218,  219 

iron  from,  245,  247,  248,  249,  255,  204 
limestone  in,  296,  299 
molybdenum  from,  367,  368,  370 
platinum  from,  431 
pyrites  from,  449,  454 
sand  and  gravel  in,  498,  503 


silver  in,  529,  532 
steel  plants  in,  245,  250,  204 
sulfur  from,  613,  010 
talc  from,  031 
zinc  in,  699,  701,  702,  705 
Shasta  district,  arsenic  from,  45.  4*) 
Shasta  iron  deposit,  Shasta  County,  245,  255.  256 
Shasta  King  copper  mine,  Shasta  County,  170,  172 

section  through.  173 
Shasta  View  asbestos  prospect,  Siskiyou  County,  53 
Shasta  Zinc  Co.,  producer  of  zinc,  701 
Sheep  Creek  talc  mine,  027,  033 
Sheep  Kiincli  gold  mine,  Calaveras  County,  210 
Shelly  chrouiite  mine.  El  Dorado  County,  124 
Shij)  Movmtains  iron  deposits,  San  Bernardino  County,  249 
Shortite,  539 
Shoshone  lead-silver-zinc  mines,    Inyo  County,  283 

copper  from,  175,  699 
Shriver  antimony  mine,  San  Benito  Coimty,  36,  38 
Siderite,  245 

Sidewinder  series,  sericite-quartz  mixture  in,  359 
Sierra  asbestos  deposit.  Nevada  County,  53 
Sierra  Blanca  formation,  limestone  in,  296,  297 
Sierra  Buttes  district,  217 
Sierra  Buttes  gold  mines.  Sierra  County,  217 
Sierra  County,  gold  in.  217,  218.  224 
iron  in,  245.  248 
nickel  in.  395 
Sierra  Magnesite  Co,,  321.  322.  323 
Sierra  Nevada,  arsenic  from.  45 
asbestos  in,  54 
clay  deposits  in.  30 

crushed  and  broken  stone  from,  507.  570 
garnet  from,  24 
gold  in,  215-226 
graphite  in,  227 
manganese  in,  325.  329 
mercury  in,  343,  344 
nickeliferous  laterite  in.  395-396 
quartzite  in.  463 
tungsten  in,  657,  659 
uranium  in,  671,  678-679 
wollastonite  in,  695 
Sierra  Nevada  foothill  belt,    arsenic  from,  45,  46 
cadmiiun  in,  97 
clu'omite  in,  123 
clay  in,  131,  145 
coal  in,  153 
cobalt  in,  165 
copper  in,  171.  175 

crushed  and  broken  stone  from,  568,  573,  574,  575 
diamonds  from,  211 
feldspar  from.  195 
lead  in.  284 

limestone  in.  296,  297,  299 
magnesite  in,  313 
platinum  from  belt  west  of,  431 
pyrite  from,  451 
pyrophyUite  in,  455 
quartz  in.  463.  464 
quartz  crystal  from,  459 
soapstone  from.  623,  630-031,  633 
zinc  in,  699 
Sierra  Pelona  Rock  Co.,  producer  of  roofing  granules,  photo  showing  plant.  575 
Sierra  Placerite  quarry.  El  Dorado  County,  002 
Sierra  Tale  &  Clay  Co.,  producer  of  bentonite,  139 
Silica-carbonate  rock,  associated  with  mercury  deposits.  341 
Silica  sands.  495,  547,  553,  554 
Silicon,  as  steel  alloy,  259,  263 
Silicon  carbide,  as  abrasive,  28 
Sill,  photo  of  bituminous-rock.  04 
Sillimanite,  275 

Sillimanite  group  minerals.  275-280 
Silver,  529-537 

associated  with  cobalt.  165 
associated  with  copper,  172,  173.  174.  175 
associated  with  fluorspar,  202 
associated  with  germanium,  363 
associated  with  gold,  219.  221 
associated  with  iodine.  241 
associated  with  lead,  281 
associated  with  pyrites,  449,  451 
associated  w^ith  selenium,  365 
associated  with  zinc.  699 
Silver  Hills  (Annex)  silver  mine,  San  Bernardino  County,  530 
Silver  King  silver  mine,  San  Bernardino  County,  530.  531 
Silver  Lake  iron  deposits,  San  Bernardino  County.  245.  249.  252,  255,  258 
Silver  Lake  talc  mine,  San  Bernardino  County,  630,  633,  634 
Silverado  formation,  clay  in,  30,  135,  137,  138 
coal  in.  101 

specialty  sands  in,  556 
zinc  in,  701 
Simon  Newman  Co..  producer  of  diatomite.  192 
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Siskiyou  County,    asbestos  from,  53 
californite  in,  211 

chromite  in,  122.  123.  124,  125,  129 
copper  from,  169,  170,  171 
crushed  and  broken  stone  from,  584 
diatomite  in.  186 
dimension  stone  from,  597 
gem  stones  from,  208 
gold  in,  218,  219,  224 
limestone  in.  296,  299 
mercury  in,  343,  344 
peat  in,  403 

pebbles  for  Rrinding  from,  27 

photo  showing  limestone  quarry  near  Gazelle,  302 
platinum  from,  431 
pumice  and  pumicite  in,  25,  435-437 
sand  and  gravel  in,  498 
volcanic  cinders  in,  438 
Siskon  gold  mine,  Siskiyou  County,  219,  224 
Siskon  Mining  Corp.,  producer  of  sulfur,  614 
Sisquoc  formation,  bituminous  rock  in,  62,  63,  64 
diatomite  in,  183,  185,  187,  188 
expansible  shale  in,  524 
Skidoo  gold  mine,  Inyo  County,  219 
Skyline  limestone  deposit,  San  Mateo  County,  300 
Slag,  288 
Slate,  as  crushed  and  broken  stone,  565,  574 

as  dimension  stone,  599-600 
Slater,  T.  Calvert,  photo  by,  224 
Sliger  gold  mine.  El  Dorado  County,  216 
Smaltite,  source  of  cobalt,  165 
Smith  (Tecopa)  talc  mine.  627,  633 
Smithsonite,  as  source  of  zinc,  281,  699,  701 
Snelling  district,  218 
Sno-Top  Rock  Products  Co.,  producer  of  crushed  and  broken  stone,  photo  showing 

plant,  574 
Snowflake  magnesite  mine,  Napa  County,  315,  321 
Soapstone,  623-634 

Soda  ash  (sodium  carbonate),  90.  478,  479,  480,  481,  539-541 
Soda  Lake,  sodium  sulfate  from,  543 
Soda  spar,  195 

Sodium  carbonate  (soda  ash),  90,  478,  479,  480,  481,  539-541 
Sodium  chloride,  480,  481;  see  also  Salt 
Sodium  sesquicarbonate  (trona),  478,  479 
Sodium  sulfate.  479.  480.  481,  543-545 
Solano  County,  cement  from.  116,  119 

crushed  and  broken  stone  from.  567,  569,  575,  587 
dimension  stone  from,  600 
expansible  shale  in,  527 
marl  from,  299 
natural  gas  in,  373,  376,  379 
salt  in,  486 
travertine  from,  299 
Soledad  Canyon,  Los  Angeles  County,  photo  showing,  31 
Solvay  Process  Co.,  producer  of  potash,  479 
Somersville,  Contra  Costa  County,  153 
Sonoma  County,  chromite  in,  129 

crushed  and  broken  stone  from,  567,  569.  575,  585 
curtisite  in.  59 
diatomite  in.  186 
dimension  stone  from,  600 
graphite  from,  227 
jadeite  in,  212 
magnesite  in,  315 
mercury  in,  341,  349 
natural  gas  in,  379 
petroleum  in,  415 
sand  and  gravel  in,  498,  503 
Sonoma  stone,  602 
Sonoma  volcanics,    as  crushed  and  broken  stone,  575 

as  dimension  stone,  600,  602 
Sonora  Marble  Aggregate  Co.,  photo  showing  plant,  578 
Sooty  copper,  169 

Soulsby  gold  mine,  Tuolumne  County,  216 
South  Africa,  diamonds  from,  205 

monazite  from,  467,  473 
nickel  from,  392 
platinum  from,  431 
South  America,  arsenic  from,  46 
bauxite  from,  29 
diamonds  from,  27 
iron  from,  255 
lead  from,  291 
sulfur  from,  613 
South  Carolina,  kyanitc  from,  275,  280 
lithium  from,  307 
monazite  from,  636 
topaz  from,  276 
South  Coles  Levee  oil  field,  natural-gas  liquids  from,  385 
Sovith  Dakota,  beryl  from,  75 

feldspar  from,  195 
minor  metaLs  from.  363 
niuscovite  from,  358 


spodumene  from,  307,  310 
vanadium  in,  689 
South  Eureka  gold  mine,  Amador  County,  216 
South  Fork  district,  silver  in,  529,  532 
Southern  Consolidated  gold  mine.  Mono  County,  219 
Southern  Pacific  Railroad  Co..  photo  showing  sand-loading  bins,  561 
Southern  Pacific  silica  quarry.  Riverside  County,  rare  earths  in,  472 
Southern  Rhodesia,    beryl  from,  75 

cliromite  from.  122,  126 
lepidoiite  from,  307 
Southwest  Africa.  ^89,  690 
Southwestern  Portland  Cement  Co..  119 

photo   showing   Black   Mountain  limestone 

deposit  of,  296 
producer  of  quartzite,  463 
Spain,  celestite  from,  611 
fluorspar  from,  201 
marble  from,  605 
mercury  from,  349 
pyrites  from,  449,  454 
sodium  sulfate  from,  543 
sulfur  from,  613 
vanadium  in,  690 
Spanish  barite  mine,  Nevada  County,  71-73 
Spanish  gold  mine.  Nevada  County,  zinc  from,  702 
Specialty  sand,  547-564 
Spenceville  copper  mine,  Nevada  County,  170 

pyrite  from,  451 
Spessartite.  209.  325,  329 
Splialerite,  associated  with  cadmium,  97 

associated  with  copper,  169,  171,  172,  173.  174,  175 
associated  with  lead,  281.  282 
associated  with  silver,  534 
source  of  indium,  364 
zinc  from,  699,  701 
Splane,  Paul,  producer  of  volcanic  cinders,  438 
Splane  volcanic  cinder  quarry,  photo  showing.  439 
Spodumene,  source  of  litliium,  207,  310,  311 
Spodumene,  gem.  205,  208,  209,  210,  211 
Spread  Eagle  copper  mine,  Shasta  County,  172 
Spud  Patch  scheelite  placer,  San  Bernardino  County,  657 
Standard  antimony  mine,  Kern  County,  38 
Standard  gold  mine.  Mono  County,  219 
Standard  Portland  Cement  Co.,  119 
Stanislaus  County,  chromite  in,  124 
clay  from,  136 
gold  in,  218 
magnesite  in,  313,  321 
manganese  in,  329 
mercury  in,  343 
quartz  from,  464 
sand  and  gravel  in.  498.  503 
Starbright  tungsten  mine,  San  Bernardino  County,  661 
Stauffer  Chemical  Corp.,  producer  of  phosphates.  428 
producer  of  sulfuric  acid,  451 
Stauffer  copper  mine,  Shasta  County.  172 
Stayton  antimony  mine.  Merced  County.  36,  38 
Stayton  district,  antimony  in,  35,  38,  39 
geologic  map  of,  37 
mercury  in,  341 
Steatite,  623.  631.  632,  633 
Steel,  259-263 

as  abrasive.  28 
Steel  balls,  as  grinding  pebbles,  27 
Steel  Canyon  asbestos  mine,  Napa  County,  53-54 
Steel  wool,  as  abrasive,  28 
Stewart.  Richard  M.,  Lead,  281-292 

Molybdenum,  367-371 
Silver,  529-537 
Tungsten,  655-667 
Stewart  gem  mine,  San  Diego  County,  210 

geologic  section  through,  309 
lithium  from,  310 
Stewarts ville,  Contra  Costa  County,  153 
Stibnite,  associated  with  borates,  89 

associated  with  mercury  deposits,  341 
source  of  antimony,  35,  37,  38 
Stinson,  Melvin  C,    Black  sands,  83-85 

Troxel,  Bennie  W.,  and  Chesterman.  Charles  W.,  Uranium, 
669-687 
Vanadiiim,  689-692 
Zirconium  and  hafnium,  707-712 
Stockton,  natural  gas  at,  373 
Stone,  defined,  565 

Stone,  crushed  and  broken,  508,  565-590 
Stone,  dimension,  591-606 
Stone  Canyon  Coal  Co.,  producer  of  coal.  157 
Stone  Canyon  district,  coal  from,  153,  157-158 

geologic  section  through,  158 
Stowell  copper  mine.  Shasta  County,  172 
Strawberry  tungsten  mine.  Madera  County,  661 
Stringer  district,  tungsten  in,  661 
Stromeyerite,  source  of  silver,  529,  530 
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Strontianite,  strontium  from,  607.  609 

Strontium  Carbonate  Mines,  producer  of  strontianite,  611 

Strontium  minerals,  607-611 

Studhorse  Canyon  antimony  deposits,  Kern  County,  36,  38 

Sugarloaf  copper  mine,  Shasta  County,  172 

Sulfur,  613-622 

as  steel  alloy,  263 
associated  with  selenium,  365 
from  copper  ores,  176 
from  pyrites,  449 
Sulfuric  acid,  613-622 

from  pyrites,  449 
Sulphide  Queen  barite  mine,  San  Bernardino  County,  72,  73 
Sulphide  Queen  rare  earth  deposit,  San  Bernardino  County,  469-472 

geologic  map  of,  470 
map  showing  location  of,  469 
photo  showing  quarry  in,  471 
Sulphur  Bank  mercury  mine,  344,  348 

sulfur  from,  615 
Sultana  gold  mine,  Nevada  County,  arsenic  from,  45 
Summerland  oil  field,  416 
Summit  coal  seam,  157 
Sumner  gold  mines,  Kern  County,  219 
Sunshine  gold  mine,  Kern  County,  219 
Sunny  Day  mine,  Riverside  County,  garnet  from,  24 
Sunset  Beach  oil  field,  417 

Sunshine  electrolytic  antimony  plant,  flowsheet  of,  43 
Sunsliine  Mining  Co.,  producer  of  antimony,  43 
Super  Inch  pipeline,  photo  showing,  383 
Superior  copper  mine,  Plumas  County,  170 

Sui>erior  Gypsum  Co.,  producer  of  gypsum,  photo  showing  quarry,  238 
Superior  talc  mine,  627,  633,  634 
Supply  gold  mine,  San  Bernardino  County,  219 
Surcease  gold  mine,  Butte  County,  217 
Surprise  uranium  claim,  Kern  County,  678 
Sutro  copper  mine,  Shasta  County,  170,  172 
Sutter  County,   crushed  and  broken  stone  from,  587 
natural  gas  in,  377,  379 
sand  and  gravel  in,  503 
Sweden,    apatite  from,  425 
arsenic  from,  45 
granite  from,  605 
iron  from,  245 
peat  in,  403 
Sweetwater  chromite  mine,  San  Luis  Obispo  County,  124 
Sweetzer  feldspar  deposit,  Kern  County,  197 
Swift  soapstone  mine,  El  Dorado  County,  631 
Sylvanite,  215 

Sylvester  asbestos  mine,  Shasta  County,  54 
Syndicate  gold  mine,  Mono  County.  219 
Synthetic  Iron  Color  Company  barite  mine,  Plumas  County,  72,  73 


Tachydrite,  101 
Tacoma  smelter,  46 
Taconite,  245 

Tactite,  beryllium  in,  75-70 
bismuth  in,  79 
tin  in,  643 

tungsten  in,  655,  657,  659 
Talc,  623-634 

as  abrasive,  28 
Talc  City  talc  mine,  Inyo  County,  627,  029,  033,  034 

photo  showing,  628 
Tar,  from  coal,  266 
Tasmania,  tungsten  in,  666 

Tecopa  Consolidated  Mining  Co.,  producer  of  lead-silver-zinc,  284 
Tecopa  district,  lead  in,  281,  283-284 
silver  in,  529 
zinc  in,  699 
Tecopa  (Smith)  talc  mine,  627,  033 
Teekay  Mines  Inc.,    producer  of  manganese,  330,  334 

flowsheet  of  manganese  ore  mill,  334 
Tehama  County,  chromite  in,  124 
diatomite  in,  180 
natural  gas  in,  377,  379 
sand  and  gravel  in,  498,  503 
Tejon  formation,  gypsum  in,  231 
Tejon  sandstone,  specialty  sand  from,  556,  563 
Tellurides,  as  source  of  gold,  215 
Temblor  formation,  coal  in,  101 
Temescal  (Cajalco)  tin  mine,  Riverside  County,  643 

photo  showing,  042 
Temescal  district,  tin  in,  644 
Tennantite,  source  of  arsenic,  45 
Tennessee,  ball  clay  from,  145 

marble  from,  005 
Terrazzo,  570,  578,  582-583 
Tertiary  channels,  218 
Tesla  area,  clay  in,  138 

geologic  section  through,  139 
Tesla  coal  mines,    Alameda  County,  157,  102 
photo  showing,  156 


,  282 


175 


Tesla  formation,  clay  in,  30,  135,  138 

coal  in,  150,  157 
Tetrahedrile,  associated  with  lead,  281, 
source  of  antimony,  43 
source  of  copper,  109,  174, 
source  of  silver,  529,  532 
Texas,  bituminous  rock  from,  09 
bromine  from,  95 
graphite  from,  227,  229 
natural  gas  from,  373,  383.  384 
natural-gas  liquids  from,  387 
l>ebble8  for  grinding  from,  27 
petroleum  in,  420 
salt  in,  483 

sodium  sulfate  from,  543 
strontium  minerals  from,  607,  009 
svilfurfrom.  613,  614,  ()18 
Texas  Gulf  Sulphur  Co.,  producer  of  sulfur,  614 
Thenardite,  543,  544 
Thailand,  tin  from,  645 
Thallium,  303,  305 
Thermonatrite,  539 

Thomas  Mountain  gem  mine,  Riverside  County,  210 
Thompson  and  Independence  lead-silver-zinc  mine,  Inyo  County,  282 
Thomi)Son  Pumice  Co.,  436 
Thorianite,  635 

Thorite,  source  of  thorium,  635 
Thorium,    635-640 

associated  with  rare  earths,  83,  467,  408,  474 
Three  Colored  marble  quarry,  San  Bernardino  Covmty,  598 
Three  Rivers  district,  limestone  in,  297 
Thum  Bum  uranium  claim,  San  Bernardino  County,  071 
Tieiuannite,  source  of  mercury,  341 
Tin,  641-646 

alloyed  with  lead,  284 
Tin  ores,  source  of  indium,  364 
Tin  oxide,  as  abrasive,  28 
Tincalconile,  87 
Titonium,  647-654 

as  steel  alloy,  263 
Titanium  oxide,  as  pigment,  284 
Titanomagnetite,    047,  649,  050 

associated  with  apatite,  420 
Toluene,  from  natural-gas  liquids,  390 
Toluol,  from  coal,  266 

Tom  Moore  antimony  mine,  Kern  County,  38 
Topaz,  275 

Topaz,  gem,  205,  208,  209 
Torbernite,  069,  071.  078 
Torrance  Sand  &  Gravel  Co.,  producer  of  sand  and  gravel,  aerial  photo  showing 

quarry,  511 
Tourmaline,  87 

associated  with  tin,  643 
in  copper  ores,  174 
Tourmaline,  gem,  205,  208,  209,  210 
Tourmaline  King  gem  mine,  San  Diego  County,  209,  210 

lepidolite  from,  310 
Tourmaline  Queen  gem  mine,  San  Diego  County,  209 

lepidolite  from,  310 
Trabuco  ganister,  558 
Transvaal,  chromite  from,  122 

Transverse  Ranges,    crushed  and  broken  stone  from,  570,  574 
graphite  in,  227 
quartz  in,  403,  404 
Travertine,  294,  296 
Tremolite,    50-51,  54,  55,  50.  57 

photo  showing,  51 
Triangle  Fertilizer  Co.,  producer  of  gypsum,  239 
Tridymite.  463 
Trinidad,  asphalt  from.  70 

Trinidad  chromite  mine,  San  Luis  Obispo  County,  124 
Trinity  County,    asbestos  in,  54 
coal  in,  153,  101 
copper  in,  170,  171 

crushed  and  broken  stone  in,  567,  584 
diamonds  in,  211 
gold  in,  218,  219,  224 
iron  from,  255 
manganese  in,  329,  330 
mercury  in,  343,  344 
platinum  from,  431 
pyrites  from,  451 
pyrrhotite  in,  452 
sand  and  gravel  in,  498 
Triumph  Steel  Company,  84 

Trona  (sodium  sesquicarbonate),  477,  478,  479.  539,  540 
Tropico  gold  mines,  Kern  County,  219 
Troxel,  Bennie  W.,  Abrasives,  23-28 
Thorium,  035-040 
Wollastonite,  093-098 

Stinson,  Melvin  C,  and  Chesterman,  Charles  W.,  Uraniut/if 
669-687 
Tufa,  294 
Tuff,  crushed  and  broken  stone  from.  574-575 
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Tulare  County,  barite  in,  72,  73 
calif ornite  in,  211 
chromite  in,  124 
copper  from,  169 

crushed  and  broken  stone  from,  587 
dimension  stone  from,  593,  595 
feldspar  in,  197 
fluorspar  in,  201 
gem  stones  from,  208,  211 
magnesite  in,  313,  315,  321 
natural  gas  in,  379 
neplirit«  in,  212 
nickeliferous  laterite  in,  396 
petroleum  in,  415 
quartz  crystal  from,  212,  460 
sand  and  gravel  in,  498,  507 
soapstone  from,  631 
tungsten  from,  661 
zinc  from,  701 
Tulare  County  tvmgaten  mine,  Tulare  County,  661 
Tulare  formation,  bituminous  rock  in,  62,  67 

gypsum  in,  231 
Tully  feldspar  deposit,  Riverside  County,  197 
Tungstar  tungsten  mine,  Inyo  County,  76 
Tungsten,  655-667 

as  steel  alloy,  259,  263 
associated  with  copper,  174-175 
associated  with  gold,  218,  224 
associated  with  tin,  643,  644 
Tungsten  ores,  source  of  indium,  364 
Tungstore  tungsten  mine,  Tulare  County,  661 
Tuolumne  County,  asbestos  in,  54 

chromite  in,  124,  125 
clay  from,  136 
copper  in,  171 

cruslied  and  broken  stone  from,  567,  571,  573,  574,  578»  587 
dimension  stone  from,  597,  598,  599 
gold  in,  216,  218 
graphite  from,  227 
limestone  in,  296,  297,  300 
magnesite  in,  315,  321 
quartz  in,  464 

sand  and  gravel  in,  498,  503,  507 
soapstone  from,  631 
Turkey,    chromite  from,  122,  126,  129 

priceite  in,  87 
Turner,  Mort  D.,  photos  by,  158,  226,  516,  555,  577 
Turquoise,  gem,  205,  208,  212-213 

Turtle  Mountain  copper  group,  San  Bernardino  County,  171 
Twenty-Mule  Team,  photo  showing,  89 
Tyson  family,  producers  of  chromite,  128 
Tyuyamunite,  669,  671,  678 

u 

Ubehebe  talc  mine,  629 

Ukiah  carbon  dioxide  field,  Mendocino  County,  109,  111 
Ulexite,  source  of  boron,  87,  88,  89 
Uncle  Sam  gold  mine,  Shasta  County,  219 
Union  Carbide  Nuclear  Co.,  producer  of  tungsten,  659 
Union  gold  mine.  El  Dorado  Coimty,  216 
Union  Granite  Co.,  producer  of  dimension  stone,  594 
Union  Hill  gold  mine,  Nevada  County,  217 
Union  of  South  Africa,    antimony  from,  44 
pumice  from,  26 
vermiculite  from,  357 
Union  Pacific  Salt  Co.,    producer  of  magnesium  compounds,  322 

producer  of  salt,  489,  491 
Union  tungsten  mine,    San  Bernardino  County,  657 

section  through,  657 
United  Kingdom,  platinum  from,  432 
U.  S.  Borax  Co..  90 
U.  S.  Gypsum  Co.  quarry,   photo  showing,  233 

producer  of  gypsum,  233,  234,  238 
U.'S.  Lime  Products  Co.,  mine  at  Sonora,  300 

U.  S.  Pumice  and  Supply  Co.,  Inc.,  pumice  producers,  25,  436,  440 
U.  S.  Smelting,  Refining  &  Mining  Co.,  producers  of  arsenic,'46 

producer  of  copper,  173 
producer  of  zinc,  173 
U.  S.  Steel  Corp.,  producer  of  steel,  260 
U.  S.  Vanadium  Corp.,   producer  of  copper,  174 

producer  of  tungsten,  659 
United  Tungsten  copper  mine,  San  Bernardino  County,  79,  80 
Uraninite,  669,  671 
Uranium,  669-687 

associated  with  rare  earths,  468,  474 
in  bituminous  rock,  59,  69,  153,  162 
Uranium  minerals,  in  black  sands,  85 
Uranocircite,  671,  678 
Uranophane,  669,  671,  676,  677,  678 
Utah,    antimony  from,  35 
arsenic  from,  46 
bismuth  from,  79 
carbon  dioxide  in  oil  wells,  105 


coal  from,  161,  266,  267 

copper  from,  171 

gilsonite  from,  69 

iron  from,  255 

molybdenum  from,  367 

phosphates  from,  425,  426,  429 

selenium  from,  365 

strontium  minerals  from,  607 

sulfur  from,  613 

uranium  from,  671 

vanadium  in,  689 
Utah  Construction  Co.,  producer  of  gypsum,  239 
Utica  gold  mine,  Calaveras  County,  216 
TUvarovite,   122 
\^  as  abrasive,  24\ 


Valentinite,  source  of  antimony,  35 

Vallecito  mines,  218 

Vallecitos  bentonite  deposit,  San  Benito  County,  photo  showing  clay  bloom,  135 

Vallecitos  district,  limestone  in,  297 

Vallejo  district,  mercury  in,  341 

Valley  Granite  Co.,  producer  of  dimension  stone,  photo  showing  quarry,  595 

Valley  Springs  formation,  as  dimension  stone,  602 

Valley  View  copper  mine.  Placer  County,  170 

Valley  View  gypsum  deposit,  231 

Valley  View  mercury  mine,  San  Benito  County,  photo  showing,  348 

Valley  View  uranium  claim,  Inyo  County,  673 

Valmonte  diatomite,    185 

phosphate  in,  426 
^Vanadinite,  689,  690 
Vanadium,  689-692 

as  a  steel  alloy.  259,  263 
associated  with  uranium,  671 
associated  with  molybdenum,  367 
Vanadium  Corporation  of  America,  producer  of  vanadium,  689 
Vanderburg  gem  mine,  San  Diego  County,  209,  210 

Vanderburg-Katerina  gem  mine,  San  Diego  County,  lepidoUte  from,  310 
Vaqueros  formation,   bituminous  rock  in,  62,  63 
coal  in,  158 
gypsum  in,  231 

limestone  in,  297  ' 

Vasquez  formation,  crushed  and  broken  stone  from,  575 
Vaughan  marble  quarry,  San  Bernardino  County,  598 

Venezuela,  asphalt  from.  70  i 

Ventura  Avenue  oil  field,    natural  gas  in,  377 

natural-gas  liquids  from,  385 
Ventura  Coimty,  amber  in,  59 

bituminous  rock  in,  61,  63 
borate  deposits  in,  87,  90 
calcium  chloride  in  well  brines,  101 
clay  from,  139 

crushed  and  broken  stone  in,  567 
dimension  stone  from.  596,  597 
expansible  shale  in,  522,  523,  524 
gold  in,  221 

gypsum  from,  231,  233.  234 
limestone  in,  296,  297 
nuiscovite  from,  359 
natural  gas  in,  379 
natural-gas  liquids  from,  385 
petroleum  in.  415 
phosphates  in.  426 
sand  and  gravel  in,  498.  507 
specialty  sand  from,  554,  557 
uranium  from,  676 
Ventura  oil  field,  expansible  shale  in,  524 
Verde  Antique  marble  quarry,  San  Bernardino  County,  598 

Verdi  Development  Co.,  producer  of  uranium,  photo  showing  workings,  076,  G7f 
Vermont,   asbestos  from.  56  ,  V- 

granite  from,  605 
marble  from,  605 
Ver  Planck,  William  E..    Boron,  87-94 
Bromine,  95 

Calcium  chloride,  101-104 
Gypsum,  231-240 
Iodine,  241-243 

Lithium  and  lithium  compounds,  307-312 
"*  Magnesium,  and  magnesiuTn  compounds,  313-323 

"  Nitrogen  compounds,  401-402 

Salines,  475-482 
Salt,  483-494 

Sodium  carbonate,  539-541 
Sodium  sulfate,  543-545 
Strontium  minerals,  607-611 
Vermiculite,  357-362 

Vesubio  Mining  Corp.,  Ltd.,  producer  of  sulfur,  614 
Vesuvianite.  123,  211 

Veta  Chica  chromite  deposits.  Siskiyou  County,  122 
Victor  formation,  photo  showing  sand  and  gravel  in,  502,  509 
Victor  gem  mine,  San  Diego  County,  209 
Victorite  pyrophyllite  deposit,  San  Bernardinb  County,  455 
Victory  calcite  group.  San  Diego  County,  99 
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Victory  No.  3  chromite  mine,  San  Luis  Obispo  County,  124 
\'ierra,  K.  C,  producer  of  salt,  483 
\'irginia,  ctiromite  in,  128 

kyanite  from,  275,  280 

muscovite  from,  358 

quartz  crystal  from,  459 

titanium  from,  647 
Virninia  Rold  mine,  Mariposa  County,  21G 
^'ita-Peat  Corp.,  producer  of  peat,  405 

photo  showing  Bethel  Island  workings,  405 
Vitrefrax  Corp.,  producer  of  kyanite,  279 
Vitrefrax  formation,  mica  schist  in,  359 
Volcanic  ash,  see  Pumicite 

see  Tuff 
Volcanic  Cinder  Co.,  producer  of  volcanic  cinders,  438 
Volcanic  cinders,  433-448 

source  of  crushed  and  broken  stone,  505,  579 
Volcanic  rocks,    as  dimension  stone,  000,  002 

source  of  crushed  and  broken  stone,  565 
Volcano  district,  218 

Voorhees  asbestos  mine,  Calaveras  County,  53 
Vulcan  iron  mine,  San  Bernardino  County,  245,  249,  252,  254 
Vulcanite  andalusite  mine,  Mono  County,  276 

w 

Wad,  325 

Wah  Chang  Mining  Corp.,  producer  of  tungsten.  661 

Waldorf  bituminous  rock  mine,  Santa  Barbara  County,  67 

Walibu  (Cuddeback)  mercury  mine,  Kern  County.  343,  344,  349,  350 

Walker  copper  mine,  Plumas  County,  170,  171,  173-174 

Walker  gold  mine,  Shasta  County,  219 

Walpurgite.  671,  678 

War  Eagle  lead-silver -zinc  mine,  Inyo  County,  283,  284 

Ward  and  Lyons  chromite  mine,  Calaveras  County,  124 

Warm  Spring  (Grantliam)  talc  mine,  Inyo  County,  631,  633,  634 

Warm  Spring  Canyon  woUastonite  deposit,  Inyo  County,  geologic  map  of,  696 

photo  showing,  697 
Washington,    carbon  dioxide  in  oil  wells,  105 
diatomite  from,  192 
magnesite  in,  313,  321 
peat  in,  403 

pebbles  for  grinding  from,  27 
strontium  minerals  from,  607 
talc  from,  625 
Washington  gold  mine,  Mariposa  County,  217,  219 
Washington  mines,  Nevada  County,  218 
Waterman  silver  mine,  San  Bernardino  County,  530 
Wavellite,  as  source  of  aluminum,  30 
Waxes,  from  coal,  153 
Waxes:  see  also  Montan  wax 
Weaverville  formation,  coal  in,  161 
Welden  district,  tungsten,  661 

West  Baker  sodium  borate  mine,  San  Bernardino  County,  90 
West  Belt  gold  mine,  217 
West  Coyote  oil  field,  natural  gas  in,  377 
West  End  Chemical  Co.,  90,  91 

flowsheet,  480 
producer  of  salines,  481 
producer  of  sodium  carbonate,  540 
producer  of  sodium  sulfate,  543 
West  Shasta  copper-zinc  district,  map  showing,  172 
pyrites  from,  449 
West  Virginia,  bromine  from,  95 

calcium  chloride  from,  101 
magnesium  brines  of,  313 
Western  magnesite  mine,    Santa  Clara  County,  313.  321,  322 

geologic  map  of  part  of,  315,  321 
Western  Pyromet  Co..  316 

Western  Refractories  Co.,  producer  of  clay,  136 
Western  Salt  Co..  319 

producer  of  salt,  483,  485 
photo  of  cars  being  loaded  with  salt,  485 
photo  showing  crystallizing  ponds,  485 
Western  States  Chemical  Corp.,  producer  of  phosphates,  428 
Western  talc  mine,  633,  634 

Westvaco  Chemical  Division,  Food  Machinery  and  Chemical  Corp.,  95 
dolomite  quarry,  photos  showing,  299,  301 
flowsheet  of  Newark  plant,  319 
producer  of  magnesium  compounds,  319,  321,  322 
producer  of  phosphates,  428 
Westvaco  Chlorine  Products  Corp.,  322,  323 
Wet  gas,  373,  385 

Wlialey  Lumber  Co.,  L.  S..  producer  of  perlite,  443 
Wheeler  Ridge  oil  field,  416 
Whiskeytown  district,  219 

White  Angel  chromite  mine,  Napa  County,  124 
White  Butte  feldspar  mine,  San  Bernardino  County,  197 
White  Eagle  talc  mine,  629,  633 


Wliite  Mountain  andalusite  deposit,  Mono  County,  276,  277 

geologic  section  through,  277 
map  showing  location  of,  276 
White  Mountain  talc  mine,    Inyo  County,  629,  633 

photo  showing,  629 
White  Queen  gem  mine,  San  Diego  County,  210 
White  Rock  magnesite  mine,  Napa  County,  315,  321 
White  Rock  quartz  mine,  Mariposa  County,  265 
Whitney  Canyon  oil  field,  Los  Angeles  County,  63.  68 
Whitney  Chemical  Co.,  producer  of  magnesium  compounds,  322 
Wiggins  antimony  mine,  Kern  County,  38 
Wilbur  Springs  district,  mercury  in,  341 
Wild  Goose  natural  gas  field,  377 

Wildman  and  Mahoney  gold  mine.  Amador  County,  216 
Wildrose  Canyon  antimony  deposits,  Inyo  County,  35,  36,  37,  39 
Wildrose  district.  219 
Wiley  Garner  antimony  mine,  San  Benito  County,  38 

see  also  Garner 
Williams  Bros,  pumice  mine,  San  Bernardino  County,  441 
Williams  &  Co.,  C  K.,  producer  of  pigments,  256 
Wilmington  oil  field,  natural-gas  liquids  from,  385 
Wilshire-Bishop  gold  mine,  Inyo  County,  218 
Winters  district,  219 
Wisconsin,  peat  in,  403 

pebbles  for  grinding  from,  27 
Witherite,  71 

Wolframite,  source  of  tungsten,  655,  657,  661 
WoUastonite,  693-698 

garnet  with,  24 
Wollastonite-bearing  rocks,  geologic  map  showing,  694 

photo  showing,  695,  698 
Woodson  Mountain  granodiorite,    cassiterite  in,  643 

crushed  and  broken  stone  from,  573 
Worth  district,  limestone  in,  297 
Wriglit,  Lauren  A.,  Beryllium,  75-78 

Ccdciie,  optical  grade.  99-100 
Feldspar,  195-200 
Gem  stones,  205-214 

Kyanite,  andalusite,  and  related  minerals,  275-280 
Mica,  357-362 
Pyrophyllite,  455-458 
Quartz  crystal,  459-462 
Talc  and  soapstone,  623-634 
Wulfenite,    281 

source  of  molybdenum,  367 
Wyoming,    bentonite  from,  139,  147 

phosphates  from,  425,  426,  429 
soda  ash  from,  539,  541 
sodium  sulfate  from,  543 
sulfur  from,  613 
titanium  from,  647 
trona  in,  540 
uranium  from,  671 
vanadium  in,  689 


Xanthochroite,  97 

Xenotime,  source  of  rare  earth  elements,  408,  472 

Xylenes,  from  natural-gas  liquids,  390 

Xylol,  from  coal,  206 


Yancy  tungsten  prospect,  Inyo  County,  76 

Yankee  Jims,  218 

Yellow  Aster  gold  mine,  Kern  County,  219 

Yellow  Pine  mine,  Idaho,  source  of  antimony,  35,  41 

Yolo  County,  crushed  and  broken  stone  from,  587 

fluorspar  in,  201 

natural  gas  in,  377,  379 

sand  and  gravel  in,  498,  503,  517 

sand  and  gravel  deposit  on  Cache  Creek,  plioto  showini',  503,  510 
Yosemite  clay,  136 
Yosemite  Portland  Cement  Co.,  120 
Young  America  gold  mine.  Sierra  County,  217 
Yttrium,  407 

Yttriiun  group  of  rare  earths,  467,  468 
Yttrocrasite,  071 

Yuba  Consolidated  Gold  Fields,  producer  of  gold,  224 
Yuba  County,  copper  in,  171 

gold  in,  217,  218,  224 
rare  earths  in,  472 
sand  and  gravel  in,  503,  508 
Yuba  gold  mine,  Nevada  County,  217 

Yuba  Sand  Co.,  producer  of  sand  and  gravel,  photo  showing  suction  dredge  of,  50S 
Yucca  talc  mine,  San  Bernardino  County,  630 
Yucca  Grove  talc  mine,  San  Bernardino  County,  630,  633 
Yugoslavia,  bauxite  in,  29,  30 
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Zantgraf  gold  mine,  El  Dorado  County,  217 
Zeibright  gold  mine,  Nevada  County,  217 
Zeila  gold  mine,  Amador  County,  210 
Zenith  chromite  deposit,  Butte  County,  124 
Zinc.  699-706 

associated  with  cadmium,  97 

associated  with  cobalt,  165 

associated  with  copper,  169,  171,  172,  173,  174,  175,  176 


associated  with  lead,  281 
associated  with  minor  metals,  363,  365 
associated  with  silver,  529 
Zinnwaldite,  source  of  lithium,  357 
Zircon,    as  steel  alloy,  263 

in  black  sands,  83,  84,  85 
source  of  zirconium,  707 
used  in  foundrj-  sand,  258 
Zirconium,  707-712 
Zirkite,  707 
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